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 Two-dimensional (2D) organic-inorganic hybrid perovskites (OIHP) based on 
(RNH3)2(CH3NH3)n-1PbnX3n+1 have emerged as more intrinsically stable materials for solar cells 
when compared to their 3D counterpart, i.e., MAPbI3. In spite of the rapid increase of power 
conversion efficiency of 2D OIHP solar cells, the large spacer cations mainly serve as insulators 
and lack functions. Therefore, cations based on aromatic or conjugated oligomers are of greater 
interest due to their versatile optoelectronic properties. 
This dissertation describes the progress made in understanding the fundamental 
properties of 2D OIHP films and investigating the effect of organic spacer cations on the film 
properties. We first developed a general post-annealing approach to fabricate 2D OIHP solar 
cells based on n-butyl ammonium (= CH3(CH2)3NH3
+
, BA) and investigated the properties of 2D 
OIHP solar cells. We found the film contains multiple phases including 2D OIHP with different 
n values and 3D OIHP. Furthermore, those phases have a vertical phase distribution and have an 
energy transfer between different phases in the film. 
 Next, the effect of organic spacer cations was studied. We demonstrate that with selective 
fluorination of phenylethylammonium (= C6H5(CH2)2NH3
+
, PEA), 2D OIHP solar cells with a 
small n value (n = 4) can achieve an efficiency over 10%. Furthermore, we discovered that the 
chemical nature of these monofluorinated PEA significantly affects the phase distribution, 
surface morphology, and crystal orientation of the corresponding 2D perovskite films. Structural 
iv 
analysis reveals different packing arrangements and orientational disorder of the spacer cations. 
In addition, the solar cell efficiency can be further improved to 12% by mixing two cations. 
 Finally, we demonstrate that by introducing a classic non-covalent interaction, 2D OIHP 
solar cells with a small n value (n = 4) can achieve an efficiency over 10% with enhanced 
stability compared to perovskite solar cells based on single spacer cation. We investigate the 
relationship between film composition, morphology, crystal alignment and device performance. 
Furthermore, single crystal study reveals the aryl-perfluoroaryl interaction between mixed 
cations improve the structure stability and therefore, improve the efficiency and stability. This 
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1.1 Needs of Renewable and Clean Energy 
Human civilization has been heavily relying on the massive consumption of energy. 
Since Industrial Revolution, fossil fuels including coal, petroleum or nature gas have been the 
most important source of energy driving the evolution of human society due to their easy access 
and large energy storage. For instance, these three types of fossil fuels have dominated the US 




Figure 1.1. Primary energy consumption in US. (Reprinted from reference 1 with permission. 
Copyright U.S. Energy Information Administration)
1
  
However, there are a few factors that limit the further applications of fossil fuels. First, 
fossil fuels are not renewable. Most of fossil fuels require millions of years to be converted by 
buried organic materials which is much slower than the rate of their consumption.
2,3
 For instance, 
it is estimated that coal will be completely consumed in less than 100 years. Second, fossil fuels 
                                                 
A manuscript based on this chapter has been accepted by Advanced Materials (DOI: 10.1002/adma.201802041). 
2 
are not considered as clean energies. Combustion of fossil fuels usually produces pollutants 
including nitrogen oxides, sulfur oxides and particulates which heavily pollute our environment. 
In addition, the large amount of CO2 released by the consumption of fossil fuels is believed to 
contribute to global warming, which is one of the largest environmental problems. Therefore, a 
variety of renewable clean energies are developed to replace the existing fossil fuels in the past 
few years including solar, wind, hydropower, etc. 
 
1.2 Organic-Inorganic Hybrid Perovskite Solar Cells 
Among these new energy sources, solar energy conversion is one of the most attractive 
solutions to replace fossil fuels with abundant, inexpensive and environmentally clean energy. In 
principle, the sun can provide clean energy through light radiation during its life which is 
predicted to be 5 billion more years. It is estimated that every year, the energy of sun light 
radiation to the earth is 3,850,000 exajoules (EJ), which means just one hour of the energy 
produced by the sun is enough for the need of the world for one year.
4
 Among different strategies 
to utilize solar energy, photovoltaic is one of the most attracting approaches to realize solar 
energy conversion. By converting solar energy to electricity, solar panels can directly produce 
electricity locally without producing any waste or requiring any transporting. Furthermore, the 
price of solar has continuously dropped in the past few years. As of 2017, the power-purchase 
agreement prices for solar farms based on silicon are below $0.05/kWh in US.
5
 
In spite of these great achievements, most of the existing photovoltaic materials have 
their own limits. For example, though solar cells based on silicon, GaAs or CIGS can provide 
high solar energy conversion efficiency, the cost of these materials is still pretty high due to the 
expensive manufacturing process or crude materials. In addition, these traditional inorganic 
3 
materials are usually brittle, which hinders their applications in flexible devices. On the other 
hand, new types of solar cells like organic or dye sensitized solar cells have the potential of low 
cost and flexibility, but their efficiencies are still too low for commercialization.  
Recently, organic-inorganic hybrid halide perovskites (hereafter referred as “perovskites”) 
such as MAPbI3 have emerged as a new category of materials for a variety of optoelectronic 
applications with low cost.
6-12
 The most explored perovskites are three-dimensional (3D) and 
crystalline in nature. As shown in Figure 1.2a, 3D perovskites are described through the general 
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 The general rule 
deciding the formation of perovskite structures follows Goldschmidt’s Tolerance Factor concept, 
which is described in Equation (1.1).
14-16
 In Equation (1.1), RA, RB, and RX are the ionic radii 
for the organic cation, metal cation and halide, respectively. Ideally cubic perovskite structure 
requires the tolerance factor t = 1, but in reality, the 3D cubic structure will still be achieved for 
0.9 ≤ t ≤ 1. However, with even lower t (< 0.9) rhombohedral or orthorhombic structure will 
form. On the other hand, with larger t (> 1), the organic cation cannot fit the body center 
anymore and lower dimensional perovskite with metal halide ([BX6]
4−
) octahedrons connecting 
as sheets, wires or dots will form.
14-16
 
(𝑅𝐴 + 𝑅𝑥) = 𝑡√2(𝑅𝐵 + 𝑅𝑥)                                                                                                      (1.1) 
As a solar cell material, 3D perovskite has a lot of advantages such as high absorption 
coefficient, weak exciton binding energy, excellent charge transport, etc.
17,18
 All of these realized 
the rapid growth of power conversion efficiencies (PCEs) of 3D perovskites from ~3% to ~22% 
in the past ten years.
6,7,19-22
 As shown in Figure 1.2b, a certified champion performance of a 




In addition to the impressive photovoltaic performance, perovskite materials can be 
solution processed due to their ionic nature, which effectively reduces the fabrication cost of 
perovskite solar cells. Moreover, flexible (Figure 1.2.c)
24
 or large scale (Figure 1.2.d) 
25
 
perovskite photovoltaic modules are also achieved recently. All these advantages of perovskite 
solar cell make it a promising photovoltaic material. 
 
Figure 1.2. (a) Typical organic inorganic hybrid perovskite structure. (Reprinted from reference 
13 with permission. Copyright Nature Publishing Group)
13
 (b) J-V curve of perovskite solar cell 
with champion efficiency (Reprinted from reference 23 with permission. Copyright Nature 
Publishing Group)
23
 (c) Normalized PCE after bending of specified radius (R) (Reprinted from 
reference 24 with permission. Copyright Nature Publishing Group)
24
 (d) Power conversion 
5 
efficiency of perovskite solar cells as a function of aperture area. (Reprinted from reference 25 





1.3 Performance Parameters of Perovskite Solar Cells 
As other types of photovoltaics (e.g., Si, CIGS, CdTe, organic photovoltaics, etc.), the 
power conversion efficiency (i.e., PCE, or η) of perovskite solar cells is determined by three 
parameters which are open circuit voltage (Voc), the short circuit current (Jsc) and the fill factor 
(FF). 
As shown in Figure 1.3, Voc is the maximum output voltage that a solar cell can produce. 
It only occurs at the open circuit condition (i.e., current density J = 0). On the other hand, under 
short circuit condition, the current density of a solar cell device reaches the maximum, which is 
Jsc. However, neither Voc nor Jsc can be achieved under a working condition because of the 
product of voltage and current density is zero. Therefore, a maximum power point (MPP) can be 
found on the current density vs. voltage curve (J-V curve). The ratio of the maximum power 
output to the solar power input is defined as the efficiency of a solar cell device (Equation 1.2). 
The FF is defined as the ratio of the maximum power output to the product of Voc and Jsc 
(Equation 1.3), i.e., the area ratio between two rectangles in Figure 1.3. 






                                                                                                               (1.2) 
𝐹𝐹 =  
𝑃𝑚𝑎𝑥
𝑉𝑜𝑐×𝐽𝑠𝑐





Figure 1.3. A representative J-V curve of a solar cell with performance parameters. 
One unique phenomenon of perovskite solar cells is hysteresis in the J-V curve which is 
defined as the differences in the current measured in the forward and reverse scanning directions 
(Figure 1.4).  The origin of hysteresis is complex and still under study. Several hypotheses are 
widely accepted such as ion migration, ferroelectricity and charge trap state.
18,26-29
 Among these, 
charge trap state is one of the most likely explanations. The Huang group has shown the presence 
of a large density of charge traps existing in the as-grown perovskite films.
29
 Furthermore, by 
proper passivation via fullerene, both shallower and deeper traps can be passivated by about one 
to two orders of magnitude and more importantly, current hysteresis was also minimized. Other 
passivation strategies like ammonium halide developed by the same group can also reduce the 
current hysteresis effect.
30
 These findings strongly support that charge trap states play an 
important role in the current hysteresis. However, due to the complexity of perovskite solar cell 
system, a better understanding of J-V hysteresis is still required. 
7 
Because of this hysteresis effect, the true “steady-state” J-V curve required a stabilized 
current output with each voltage step stabilized for hundreds of seconds. This will require a long 
time J-V curve scan under constant illumination.  An alternate way to show the stabilized 
efficiency is to track the MPP obtained from a normal J-V curve scan as shown in the inset of 
Figure 1.4. Due to the improvement of device fabrication, hysteresis is minimized in most recent 
devices and therefore, the latter way is more widely applied in recent works. 
 
Figure 1.4. J-V curve scan with forward and revise scan of a perovskite solar cell with 
significant hysteresis. Inset: time track of current density (J) and solar cell efficiency (η) at 





1.4 Device Structures of Perovskite Solar Cells 
In 2009, perovskite materials were first used as solid dyes in DSSC by Kojima et al.
6
 In 
this work, mesoporous TiO2 and liquid electrolyte were used for charge separation and an 
8 
efficiency of 3.8% was achieved. This device structure fully adopted that of DSSC. Later in 2012, 
Lee et al applied the insulating mesoporous Al2O3 layer in the perovskite solar cell structure and 
achieved a high efficiency around 10.9%.
7
 This finding indicates that perovskite material is not 
just a light absorber. Indeed, it’s a semiconducting material in which charge transporting can 
occur. Further studies even pointed out that the charge mobility of perovskite materials is in the 
order of 100 cm
2
/Vs which is comparable to traditional inorganic semiconductors.
32
 Despite of 
this, the widely accepted mesoporous structures employing mesoporous TiO2 layer (Figure 1.5.a) 
still dominated the perovskite solar cell structures in the early stage (Figure 1.5.d).
33,34
 
Because of the semiconducting nature and high mobility of perovskite materials, it is 
possible to fabricate perovskite solar cells with planar device structure. The planar structure can 
offer a milder fabrication condition and the chance of realization flexible devices. In addition, 
planar device structure can provide a clear profile of the electrostatic potential and the carrier 
density distribution which ensures the applicability of a simple one-dimensional (1D) drift 
diffusion analysis developed in thin-film photovoltaics.
35
 In fact by simply replacing mesoporous 
TiO2 with a compact layer of n-type semiconductor like TiO2, ZnO or SnO2, n-i-p (regular) 
planar device structure can be achieved (Figure 1.5.b).
20,24
 Not surprisingly, a rapid increase of 
efficiency of n-i-p device is achieved because of the high charge mobility of perovskites. In spite 
of the high device performance and easier device fabrication condition, n-i-p devices employing 
traditional n-type inorganic semiconductors like TiO2, SnO2 suffer significant hysteresis. This 
was improved by adopting a fullerene layer like C60 or PCBM between the inorganic electron 
transporting layer and the perovskite layer.
36
 
In addition to the n-i-p (regular) planar device structure, recently great achievements 
were made by p-i-n (inverted) planar device structure which adopted the regular organic solar 
9 
cell structure (Figure 1.5.c).
33
 By employing the traditional electron and hole transporting layers, 
it is easy to achieve a mild fabrication condition (e.g., annealing temperature ≤ 100 
o
C, etc.). In 
addition, compared to n-i-p device structure which usually requires a noble metal electrode like 
Au, there are a wider chooses of top contact metal electrode in p-i-n structure. For example, 
copper has been shown as an effective and low cost top contact. More importantly, the low 
reactivity between Cu and perovskite can further improve the device stability. Though p-i-n 
structure is the latest one adopted in perovskite solar cells, recently a high efficiency of 20.59± 
0.45% has been achieved which is comparable to the efficiency of other type structures.
30
 
In terms of solar cell performance, all of these different device structures have achieved 
impressive efficiency (Figure 1.5.d).
33,34
 This is largely due to the semiconducting nature and 
high mobility of perovskite itself. Instead of device structure, further improvement of perovskite 
solar cells requires development of novel hole and electron transporting layers which can 




Figure 1.5. Sketches of mesoporous (a), n-i-p planar (b), p-i-n planar (c), perovskite device 
structures. (d) Power conversion efficiency growth of different perovskite device structures. 




1.5 Stability of Perovskite Solar Cells 
In spite of the great achievement in the solar cell efficiency, the stability of the perovskite 
solar cells remains a big issue hindering the commercialization of perovskite photovoltaics. A 
couple of factors influence perovskite stability including moisture, oxygen, UV exposure, 
thermal stability, ion migration, etc. We will discuss the most important factors below. 
11 
First, as an ionic material containing highly hydrophilic ammonium moiety, perovskite 
material is very moisture sensitive. It has been reported that a quick degradation happened under 
ambient condition, however, under dry air, perovskite solar cell devices are much more stable. In 




Besides moisture and solvent vapor, oxygen is another possibility that will cause 
degradation because the organic moiety and iodide in perovskite can be easily oxidized. 
However, complete perovskite solar cell devices have been achieved a desirable stability in dry 
air under dark, which indicates oxygen alone will not cause significant degradation. Photo-
oxidation is highly dependent on the relative rates of electron transferring to oxygen or electron 
transporting layer. Due to the improvement of device structure, recently most devices can 
achieve a relatively fast electron transporting rate to the electron transporting layer. Therefore, 
photo-oxidation is almost negligible.
39,40
 
In addition to the degradation caused by environment, perovskites also suffer the 
instability from its structure. The general rule deciding the stability of perovskite structures 
follows Goldschmidt’s Tolerance Factor concept as described in Equation (1.1).
14-16
 In 
Equation (1.1), RA, RB, and RX are the ionic radii for the organic cation, metal cation and halide, 
respectively. Ideally cubic perovskite structure requires the tolerance factor t = 1, but the 3D 
cubic structure can still be achieved for 0.9 ≤ t ≤ 1. However, with even lower t (< 0.9) 
rhombohedral or orthorhombic structure will form. These phase changes will also occur under 
heating and cause thermal instability. For example, MAPbI3, the most studied perovskite 
absorber, has been reported to undergo an irreversible phase transformation from tetragonal to 
cubic phase at around 55 °C and therefore, influence the photovoltaic performance. On the other 
12 
hand, FAPbI3, with a larger organic cation and tolerance factor closer to 1, has better thermal 




In a real device, the stability of perovskites is also heavily influenced by the interlayers. 
For example, some commonly used hole transporting layers like PEDOT:PSS or spiroOMeTAD 
will absorb water under ambient condition and accelerate degradation of perovskites. On the 
other hand, hydrophobic hole transporting layers like PTAA or P3HT can help stabilized the 
device.
37
 For electron transporting layers, it is reported that TiO2 based electron transporting 
layers will promote photo-degradation because of its photocatalytic activity.
42
 In addition to 
these indirect accelerating degradations, some interlayers can even react with perovskite 
materials. For instance, Au or Ag electrode is reported to react with the perovskite layer by 
slowly penetrating through electron or hole transporting layers. On the other hand, the reactivity 
of Cu is much lower and can stabilize the whole device.
43
 
To overcome the instability issue of perovskites, effective way to improve the stability is 
required. Encapsulation is one of the most direct methods to improve the stability, especially 
against to moisture and oxygen. A couple of works have reported effective encapsulation layers 
like PS, PMMA, crosslinkable silane-functionalized fullerene, compact meal oxide layer produce 
by atomic layered deposition, etc. as shown in Figure1.6.a-d.
44-46
 Another way to improve the 
stability is to improve the quality of perovskite films. Wang et al studied the degradation rate and 
grain size relationship and pointed out that perovskite films with large grain size are more 
stable.
47
  They observed the amorphous component in grain boundary which can facilitate 
degradation. In addition to make large domain size, passivating surface defects is another way to 
effectively improve perovskite layer quality. Zheng et al applied ammonium halide such as 
13 
choline chloride to effectively passivate the surface defect on the perovskite films which 




Figure 1.6. (a) TEM image of perovskite film encapsulated by PS. (b) A picture showing the 
perovskite solar cell passivated by fluoro silane with a decent Voc = 1.09 V under water.
44
 (c) 
Device structure of perovskite solar cells encapsulated by ALD metal oxide. (d) Picture showing 
that perovskite film with ALD ETL has improved resistance against water. (Reprinted from 
reference 44, 45, with permission. Copyright Wiley-VCH)  
In addition to work on conversional perovskite materials like MAPbI3, finding a more 
intrinsically more stable perovskite material is another effective way and fundamentally 
important. Recently, 2D perovskite solar cells have achieved impressive solar cell efficiency 
over 12% with much improved stability.
48-50
 Due to its improved stability as well as tunable 
properties, 2D perovskite has attracted attention as a new optoelectronic material. 
14 
 
1.6 2D perovskite as a more stable photovoltaic material 
Three dimensional (3D) perovskites are described through the general formula of 






) can fit into the body center 
of the cube formed by eight metal halide ([BX6]
4−
) octahedrons. In the lower dimensional 
perovskites, there is at least one larger cation (typically organic based), which cannot fit in 
the cubic center, thus breaking the 3D lattice into sheets (2D), wires (1D) or individual 
[BX6]
4−
 dots (0D) (Figure 1.7). Because of the insulating organic layers surrounding these 
sheets, wires or dots, low dimensional perovskites exhibit quantum confined behaviors 
including quantum wells (2D), quantum wires (1D) or quantum dots (0D).
51
 The general 
rule deciding the formation of low dimensional perovskites follows Goldschmidt’s 
Tolerance Factor concept, which is described in Equation (1.1). When the tolerance factor 




Figure 1.7. Typical structures of 3D, 2D, corrugated 2D, 1D and 0D perovskites and their 
counterparts in conventional materials, i.e., bulk, quantum well, quantum wire and quantum dots. 
Reproduced with permission.
52
 Copyright 2017 American Chemical Society.  
15 
Among these low dimensional perovskites, 0D, 1D and corrugated 2D perovskites (the 
sheets with twisted [BX6]
4−
 octahedrons along (110) plane in 3D perovskites), have been widely 
studied as white light phosphors due to their broad emission.
51,53-57
 Due to the relatively large 
band gaps of these low dimensional phases, 0D, 1D and corrugated 2D perovskites are usually 
not suitable for photovoltaic applications. On the other hand, 2D perovskites, especially the 
Ruddlesden–Popper phases (the sheets with planar [BX6]
4−
 octahedrons along (100) plane in 3D 
perovskites), their tunable band gaps across almost the entire visible range make them a 
promising candidate for a variety of optoelectronic applications including field effect transistor 
(FET), light emitting diode (LED), photodetector and photovoltaics (PV)..
58
 
The most popular 2D perovskites have a general formula of (RNH3)2MAn-1MnX3n+1 in 
which n represents the number of metal (e.g., Pb or Sn) halide (e.g., I, Br or Cl) octahedrons 
between adjacent insulating organic cation layers. RNH3
+ 










. The optoelectronic properties of 2D perovskite (e.g., band gap, exciton binding 
energy) are highly dependent on the degree of quantum confinement, which is mainly dominated 
by the thickness of the inorganic layers (i.e., the value of n).
58,64-71
 For example, when the 
thickness (n) of the inorganic slab increases, the band gap of lead iodide based 2D perovskites 
decreases from 2.24 eV (n = 1) to 1.60 eV (n = 4), with the color changing from orange to dark 
brown (Figure 1.8).
58
 When the n reaches larger values (i.e., approaching infinity, ∞), the 2D 
perovskites essentially match the 3D perovskites. Given the crucial role of n, we arbitrarily 
divide 2D perovskites into three classes, strict 2D (n = 1), quasi 2D (n = 2-5) and quasi 3D (n > 
5), and summarize research progress on 2D perovskites following this classification in this 
chapter. For each class, we will briefly introduce the historical background, and highlight the 
16 
recent noteworthy discoveries. 
 
Figure 1.8. Structures and crystals of bulk and 2D perovskite with different inorganic halide 
thickness. Reprinted with permission.
58
 Copyright 2016 American Chemical Society. 
1.6.1 Strict 2D perovskites (n = 1) 
 In the 1980s, Ishihara et al. first synthesized lead based organic-inorganic hybrid halide 
perovskites with n = 1.
72,73
 Since then, many different organic cations and inorganic frameworks 
have been used to construct perovskite structures, mainly focused on n = 1 phase.
74
 Typically, 















 can also be employed.
74-
77
 Besides these +2 cations, +1 and +3 cations with a 1:1 ratio (thereby having an average charge 




















), given that such materials have been actively investigated for optoelectronic applications. 
17 
Similarly, most of the organic cations are organo-ammonium (RNH3
+
) based, where the R group 
can range from aliphatic, aromatic small molecules to conjugated oligomers, polymers and 
fullerenes.
61,62,80-86





 can be applied to lower dimensional perovskites including 
0D, 1D and corrugated 2D perovskites, such studies on 2D perovskite have not been reported, to 
our knowledge. This is likely because steric hindrance from these large cations would prevent 
them from fulfilling the required ratio of cation vs anion (e.g., 2:1 for butylammonium:PbI4, n = 
1).  
Early exploration of these 2D perovskites for optoelectronic application was mainly 
conducted by Mitzi, Tsutsui and their coworkers. In 1999, Mitzi et al. reported a thin film field-
effect transistor using (C6H5C2H4NH3)2SnI4 (a sketch of the crystal structure is shown in Figure 
1.9a) as the channel material, fabricated via a solution processing method (Figure 1.9b).
61
 In 
addition, light emission from either inorganic framework
89,90
 or organic moiety
80,91
 in 2D 
perovskite LEDs was observed by tuning the alignment of band gaps and energy levels of the 
two parts (Figure 1.9c).  More recently, hybrid perovskite materials have found new applications 
in spintronics due to strong spin orbital coupling (SOC) caused by heavy elements such as Pb or 
I.
92-98
 SOC can split the spin-degenerate bands in noncentrosymmetric compounds, generating 
the Rashba splitting, which could enhance the spin-to-charge conversion efficiency, such as in 
the spin-Hall effect or inverse spin-Hall effect.
99
 Rashba splitting may be enhanced in reduced 
dimensions, such as in two-dimensional (2D) semiconductors, due to the presence of structural 
“inversion asymmetry”.
100
  In particular, 2D perovskites, having both the strong SOC and 
lacking inversion symmetry, would contribute to the Rashba splitting.
101,102
 For example, Zhai et 
18 
al. found a 2D perovskite, PEA2PbI4, exhibited large Rashba splitting, a peculiar property 




Figure 1.9. (a) Structures of strict 2D perovskite as bulk form. (b) Device structure of thin film 
FET based on PEA2SnI4 2D perovskite. Reprinted with permission.
61
 Copyright 1999 Science 
Publishing Group. (c) Device structure and picture of 2D perovskite LED. Reprinted with 
permission.
74
 Copyright 2016 American Chemical Society.  
 As a layered material, 2D perovskites can be exfoliated or synthesized as single-layer or 
few-layer sheets, similar to graphene vs. graphite. Mechanical exfoliation offers a general way to 
produce large flakes (with micrometer size in lateral) for study and applications of individual 
sheets (Figure 1.10. a, d);
104-106
 however, the reproducibility of this exfoliation method is 
generally low, i.e., wide thickness/size distribution. The alternative method is to produce thin 
sheets of 2D perovskites via direct synthesis. Dou et al. developed a method to grow atomically 
thin nanoplates of 2D perovskites from solution (Figure 1.10.c, d).
107
 This method can produce 
large scale 2D sheets with thicknesses down to single layer of [BX6]
4−
 octahedrons with narrow 
thickness distributions. Excitingly, these nanoplates show tunable photoluminescence, indicating 
their potential application for LEDs (Figure 1.10.e). In addition, high performance 




 Besides the 2D nanoplates with well-defined crystal structures and quantum well 




 syntheses can also 
provide perovskite thin crystals with uniform thickness and lateral size. These nanocrystals can 
be used for various applications including LEDs, photodetectors, transistors, etc. For a more 





Figure 1.10. (a) Optical image of mechanical exfoliated 2D perovskite. (b) AFM image of 
mechanical exfoliated 2D perovskite. The thickness is about 2.4 nm. Reprinted with 
permission.
105
 Copyright 2015 American Physical Society. (c) Optical image of solution-grown 
2D perovskite nanoplates. (d) AFM image solution-grown 2D perovskite nanoplates. The 
thickness is about 1.6 nm. (e) Photoluminescence of solution-grown 2D perovskite nanoplates 
with different composition. (C4H9NH3)2PbCl4 (i), (C4H9NH3)2PbBr4 (ii), (C4H9NH3)2PbI4 (iii), 
20 
(C4H9NH3)2PbCl2Br2 (iv), (C4H9NH3)2PbBr2I2 (v), and (C4H9NH3)2(CH3NH3)Pb2Br7 (vi). The 
corresponding optical PL images are shown in the inset. Scale bars, 2 μm for (i) to (v) and 10 μm 
for (vi). Reprinted with permission.
107
 Copyright 2015 Science Publishing Group. 
 
1.6.2 Quasi 2D perovskites (n = 2-5) 
 In 1991, Calabrese et al. first pointed out that the strict 2D (n = 1) and 3D perovskite are 
the two extremes of the Ruddlesden–Popper phase perovskite family, and this was proven for the 
first time as they synthesized quasi 2D lead perovskite (n = 2) crystals.
119
 By varying the 
thickness of the quantum well (n), the properties of 2D perovskite, such as band gap, can be 
widely tuned. The tunability of optoelectronic properties and the versatility of the structures (in 
particular, the possibility of incorporation of functional organics) make quasi 2D perovskites a 
unique class of materials for both fundamental studies and a variety of applications.
48,55,86,120
 On 
the other hand, with larger n (>5), it becomes increasingly harder to synthesize pure crystals or 
films (e.g., with Sn or Pb based perovskites), because of the structural similarity between large n 
2D perovskites and 3D perovskites.
58,62,64
 In here, we will focus on the discussion on quasi 2D 
perovskite with n ≤ 5.  
 As the transition between the strict 2D (n = 1) to (quasi) 3D perovskites, quasi 2D 
perovskites (n = 2 - 5) have rather unique properties when compared to these two extreme 
phases. One of the most important properties of quasi 2D perovskite is their tunable band gaps 
due to the increased degree of quantum confinement from large to small n. For example, the 
Kanatzidis group recently reported a series of 2D lead iodide perovskite crystals and films, 
(C4H9NH3)2MAn-1PbnI3n+1 (n = 1 to 5).
58,64
 As shown in Figure 1.8, the band gaps of these 2D 
lead iodide perovskite range from 2.43 eV (n = 1) to 1.83 eV (n = 5). When swapping out Pb 
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with Sn in the same structure, the band gaps can be further tuned from 1.83 eV (n = 1) to 1.20 eV 
(n = ∞).
65
 Comparable tunability of band gaps has also been achieved for nanoplate form of 2D 
perovskite.
121,122
 This tunability allows for modification of the perovskite bandgap to cover the 
majority of the visible light range, which renders 2D perovskite an attractive material for a 
variety of optoelectronic applications.  
Moreover, the exciton binding energy (EB) is also highly related to the thickness of the 
quantum well (i.e., the value of n). For example, in the case of lead iodide perovskites, the strict 
2D perovskite (n = 1) has an EB ≈ 360 meV, whereas EB decreases to 260 meV (n = 2) and 150 
meV (n = 3), as the thickness of the quantum well increases.
67,69
 The EB eventually decreases to 
20-60 meV for the 3D perovskites.
66,68,70
 It is also important to note that for larger n phases (e.g., 




 Although the pure crystals of quasi 2D perovskites can be synthesized, films deposited by 
solution methods appear to contain several phases with different values of n. For example, with a 
perovskite precursor solution that would lead to a pure quasi 2D perovskite of n = 4, the final 
film after the solution processing would contain n = 1 to 5 (maybe even larger n) and 3D 
perovskite phases, i.e., mixed phases. This assertion was supported by the multiple excitonic 
peaks in the UV-Vis and photoluminescence spectra of the quasi 2D perovskites thin films, 
corresponding to the phases with different values of n (Figure 1.11.a, b). Furthermore, the mixed 
phases were also observed in quasi 3D perovskite films (n > 5).
49,55,120,123,124
 Thus a question 
naturally arises: how would these different phases distribute across these perovskites thin films? 
Liu et al. pointed out that the phases with smaller n would dominate on the side of the substrate 
(where the film was deposited), while phases with higher n or 3D would appear more on the air 
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side. Their claim was supported by the different photoluminescent and transient absorption (TA) 
responses between the perovskite film excited from the (glass) substrate and air side. When 
excited from the (glass) substrate side (i.e., back side), PL peaks and bleach peaks of phases with 
different n could be clearly observed; in contrast, when excited from the air side (i.e., front side), 
signals from 2D perovskites became much weaker and the peak of 3D perovskite was dominant 
(Figure 1.11.b). Transient absorption further indicated there was an energy or charge transfer 
between different phases in the film, which could benefit the device performance of such quasi 
2D perovskites based solar cells.  
 Although it is clear that the n controls the band gap of these quasi 2D perovskites (i.e., n 
= 2 has larger band gap than n = 3), the relative position of the energy levels of these different 
phases remains ambiguous. For example, both Cao et al.
63
 and Silver et al.
125
 measured the 
valance band position of BA2PbI4 through ultraviolet photoelectron spectroscopy (UPS) and 
there is a huge difference (over 1.2 eV) between the results (4.55 eV vs. 5.8 eV). This difference 
can be explained if there are two types of electronic configurations in these mixed phases, similar 
to the conventional type-II (Figure 1.11.c) or type-I (Figure 1.11d) heterojunction. Both types 
could help explain the observed spectroscopic responses (PL and TA) through either energy, 
charge transfer or both, which were also proposed by others.
55,120
 Though the exact mechanism is 
still under investigation, such energy or charge transfer can lead to a carrier funneling process 
and enhance the emitting of the lowest-band gap light-emitter in these quasi 2D perovskites. 
Thus, LEDs based on quasi 2D perovskites have been fabricated with increasing interest.
55,120,126-
132
 For example, Wang et al. demonstrated quasi 2D perovskite (n = 2) LEDs with low turn-on 
voltage of 1.3 V. They obtained an EQE of 11.7% at 2.6 V with a current density of 38 mA cm
−2
, 




 was achieved at 3.6 V. Similar high-performance 
23 
LEDs were also achieved by Yuan et al. (e.g., n = 5, turn-on voltage as 3.8 V, EQE = 8.8% and a 




). Additionally, these LED devices were also quite stable under their 
working condition.
55,120
 Furthermore, by modifying the composition of the films, such as 
adjusting the n value or changing the halide atoms, one can achieve tunable emission with blue, 
green and red color (Figure 1.11e, f).
55,120,126,132
 Although the quasi 2D perovskite LEDs have 
achieved a wide emission range, it is still relatively hard to achieve highly efficient emission at 
red or deep red. Recently the Ma group reported high efficient (>6.23%) red LEDs (emission 
peaked at 638, 664, 680, and 690 nm) by blending poly(ethylene oxide) into the perovskite 
layer.
131
 In addition to LEDs, , quasi 2D perovskites have even recently been utilized to achieve 
room temperature amplified spontaneous emission and lasing, facilitated by population inversion 





Figure 1.11. (a) UV−vis absorption spectrum of (BA)2(MA)3Pb4I13 film. (b) Photoluminescence 
spectra of (BA)2(MA)3Pb4I13 excited from the front and back sides of the film. When the film 
excited from the back, multiple excitonic peaks from n = 2, 3, 4 phases and 3D perovskite could 
be observed. When the film excited from the front, only emission from 3D perovskite could be 
24 
observed. Reprinted with permission.
123
 Copyright 2017 American Chemical Society. (c) 
Possible type-II heterojunction configuration of quasi 2D perovskite film and charge transfer 
between different phases. (d) Possible type-I heterojunction configuration of quasi 2D perovskite 
film and energy transfer from small n phases to large n phases. (e) EL spectra of quasi 2D 
perovskites with different I:Br ratio. The emission covers from 518 nm to 786 nm. Reprinted 
with permission.
120
 Copyright 2016 Nature Publishing Group.  (f) EL spectra of quasi 2D 
perovskites with different amount of 2‐phenoxyethylammonium. The emission covers from 
462 nm to 532 nm. Reprinted with permission.
132
 Copyright 2017 Wiley-VCH. (g) micro-PL 
image recorded above lasing threshold. The scale bar is 3 µm. (h) Spatially resolved micro-PL 
spectra. The corresponding laser spectrum above the threshold with a Gaussian fitting is shown 
in the inset. The FWHM is ≈0.21 nm, corresponding to a Q factor of ≈2600. Reprinted with 
permission.
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 Copyright 2018 Wiley-VCH.  
 Another significant difference between quasi 2D and 3D perovskites is the anisotropic 
charge transport in 2D perovskites. This is due to the large insulating organic cations separating 
inorganic metal halide layers, essentially preventing charge transport between the inorganic 
perovskites layers. Since the primary charge transport channels are within these inorganic layers, 
the crystal orientation of the 2D perovskites film becomes extremely important to the device 
performance. For example, a vertical alignment of these inorganic layers (i.e., perpendicular to 
the substrate) would be desirable for devices requiring charge transfer across the film (e.g., solar 
cells and LEDs). Unfortunately, the as-cast quasi 2D perovskites seem to often adopt a lateral 
alignment of these inorganic layers, which would account for the observed low current in the 
early work of using quasi 2D perovskites for solar cells.
63
 A breakthrough came from Tsai et al. 
who applied a hot casting method to achieve much higher efficiency (>10%) for quasi 2D 
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perovskites based solar cells (Figure 1.12.a).
48
 Compared to the usual casting of these quasi 2D 
perovskites at room temperature, the new method of hot casting appeared to largely achieve the 
coveted vertical crystal orientation, thereby significantly improving the charge transport across 
the film, leading to the observed high current of the solar cells. The main evidence supporting 
this proclaimed vertical orientation came from the sharp, discrete Bragg spots in the Grazing-
Incidence Wide-Angle X-ray Scattering (GIWAXS) pattern of the hot cast film, in contrast to the 
room temperature film (Figure 1.12.b, c), indicating (101) planes parallel to the substrate surface 
(i.e., the inorganic layer perpendicular to the substrate) in the hot-cast film (Figure 1.12.d). 
However, due to the rather complex composition of these quasi 2D perovskites base thin films 
(e.g., the mixed phases), it is still unclear which phases the patterns on GIWAXS can be assigned 
to. Many of these discrete Bragg diffraction spots, e.g. (111), (202), etc. can be observed from 
different quasi 2D phases and even 3D perovskites. Therefore, further study is needed to better 
understand the composition and the phase alignment in these quasi 2D perovskites films. 
26 
 
Figure 1.12. (a) Current density-voltage curves of hot-cast (BA)2(MA)3Pb4I13 film under an 
AM.1.5G solar simulator (red line: experimental; black dashed line: simulated). Inset, planar 
devices structure used. GIWAXS patterns of room-temperature-cast (b) and hot-cast (c) quasi 2D 
perovskite (n = 4) films. (d) Schematic representation of consistent crystal orientation of quasi 
2D perovskite film. Reprinted with permission.
48
 Copyright 2016 Nature Publishing Group. 
 These large organic cations in quasi 2D perovskites are believed to suppress defect 
formation, similar to the function of ligands in quantum dots.
133,134
 This passivation effect leads 
to a lower self-doping level and extraordinarily high light-detectivity (10
13
 Jones) of 
photodetectors based on  these quasi 2D perovskites (n = 1 to 3).
134
 On the other hand, Wu et al. 
showed increased excitonic traps in 2D perovskite crystals with smaller n and the number of 
excitonic traps in 2D perovskite (n = 1, 2) is much higher than that in 3D. Unlike common 
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chemical defects that would typically serve as traps, these excitonic traps in quasi 2D perovskites 
originate from the self-trapping of band-edge excitons due to the stronger exciton−phonon 
interaction in low dimensional crystals.
135,136
 In addition to the trap state, quasi 2D perovskites 
can also suppress ion migration which is believed to cause hysteresis and accelerated degradation 
in 3D perovskite based solar cells.
137
 In short, though these large cations in quasi 2D perovskites 
have shown various advantageous properties (e.g., trap suppression), the exact mechanisms 
behind all these observations are still not clear and need to be addressed further. 
The most noteworthy advantage of 2D perovskites is the improved stability compared to 
the conventional 3D perovskite; this stability is particularly important for solar cells. In 2014, 
Smith et al. first reported that solar cells based on a layered 2D perovskites (n = 3) with PEA as 
the large organic cation exhibited better stability than the archetypical MAPbI3 solar cells 
(Figure 1.13.a).
59
 Soon thereafter, BA based 2D perovskites (n =1 to 4) solar cells were also 
demonstrated to have enhanced stability (Figure 1.13.b).
63
 Furthermore, the photovoltaic device 
efficiency values of 2D perovskites have been improved to 12% via different processing methods 
including hot-casting,
48




 cations. After testing the stability of solar 
cells based on quasi 2D perovskites with different n and using DFT simulation to estimate the 
formation energy, Quan et al. proposed that the enhanced stability could be largely due to the 
increased formation energy with these lower dimensional perovskites (Figure 1.13.c).
60
 A high 
formation energy would mean the formed materials are rather stable. They also fabricated solar 
cell devices with different n value and found the trend that with small n value, the stability is 
enhanced (Figure 1.13.d). 
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Figure 1.13. (a) Degradation of 2D perovskite PEA2MA2Pb3I10 film and 3D perovskite MAPbI3 
film synthesized by different lead source. (Reprinted from reference 59 with permission. 
Copyright Wiley-VCH) (b) Time track of power conversion efficiency of encapsulated 2D 
perovskite BA2MA3Pb4I13 and MAPbI3 film under 65% relative humidity. (Reprinted from 
reference 48 with permission. Copyright Nature Publishing Group) (c) Formation energy of 2D 
perovskite PEA2MAn-1PbnI3n+1 with different n value. (d) Power conversion efficiency of 2D 
perovskite PEA2MAn-1PbnI3n+1 with different n value and 3D perovskite before and after stored 
for two months. (Reprinted from reference 
60
 with permission. Copyright American Chemical 
Society)  
 
1.6.3 Quasi 3D perovskites (n > 5) 
 As stated earlier, when n is large than 5, it becomes extremely hard to synthesize pure 2D 
perovskites, either as crystals or as films. This is probably because the formation energy of 2D 
perovskites having large n is very close to that of 3D perovskites. In most cases, the 
stoichiometric ratio of precursors can only represent the ‘nominal’ n phase, e.g., n = 5, 10, 20, 
40, etc. and the film mostly contains 3D perovskites and some 2D phases (illustrated as Figure 
29 
1.14a). Therefore, the properties of the final films are mainly dominated by the 3D perovskites 
and we thereby term these large n 2D perovskites as quasi 3D perovskites. 
 The most noteworthy benefit of adding large cations into the 3D perovskite films is to 
passivate the defects and therefore, enhance the stability and efficiency of related solar cells. 
Quan et al. investigated the device performance and stability of the (PEA)2(MA)n-1PbnI3n+1 
perovskites with n = 6 to 60. As n increases, the related solar cells show improved efficiency and 
decreased stability.
60
 In another report, Li et al. added a small amount of PEAI into 3D FAPbI3 
perovskites (FAxPEA1–xPbI3) and discovered that with a small amount of PEAI (FA/PEA ~40), 
both high performance and improved stability could be achieved, ascribed to the defect 
passivation function of PEA.
138
 Grancini et al. employed 3% aminovaleric acid iodide 
(HOOC(CH2)4NH3I) as a large cation into 3D perovskites, and these perovskite based large solar 
modules (10 × 10 cm
2
) have been operating for one year without performance loss.
139
 Recently, 
Wang et al. added a small amount of BA in to (FA0.83Cs0.17)1−xPb(I0.6Br0.4)3 perovskite and 
resulted in (BAx(FA0.83Cs0.17)1−xPb(I0.6Br0.4)3), with x=0.09.
140
 Furthermore, vertically aligned 
2D perovskite plates (n is not clear in this case, probably contains multiple phases) were 
observed between 3D perovskites domains by SEM and further confirmed by 2D-XRD (Figure 
1.14b, c). A slight blue shift of the absorption and emission peaks from the 3D perovskites was 
observed in the UV-Vis and PL, which is probably due to the slight shrinkage of the 3D 
perovskite lattice with these extra BA cations (Figure 1.14d). Meanwhile, the PL lifetime was 
significantly improved when BA was introduced into the film (Figure 1.14e). These 2D 
perovskites plates can effectively passivate the boundary of 3D perovskites; furthermore, the 
larger band gap of the 2D perovskite can prevent the 2D perovskite itself being traps (Figure 
30 
1.14f). Due to the defect passivation, this 2D/3D structure also achieved a significantly improved 
operational stability with and without encapsulation (Figure 1.14g, h). 
 
 
Figure 1.14. (a) Schematic illustration of quasi 3D perovskite film structure with 2D/3D 
heterojunctions. UV−vis absorption spectrum of (BA)2(MA)3Pb4I13 film. SEM images and 2D-
XRD patterns of BAx(FA0.83Cs0.17)1−xPb(I0.6Br0.4)3 perovskite films with x=0.09 (b) and x=0.16 
(c). The white arrows in the 2D-XRD images highlight diffraction from 2D perovskites. (d) UV-
vis absorption and PL spectra of film with x = 0 film (black line) and x = 0.09 (red line). (e) 
Time-resolved PL spectra for the same films. Longer carrier lifetime can be observed in quasi 3D 
peroskite film compared to 3D perovskite film. (f) Proposed type-I heterojunction configuration 
of quasi 3D perovskite film. The 2D perovskite component passivates the 3D perovskite 
boundary. Stability test od quasi 3D perovskite devices without encapsulation (g) and with 
encapsulation. Reprinted with permission.
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Chapter 2 A GENERAL POST-ANNEALING METHOD ENABLES HIGH-
EFFICIENCY TWO-DIMENSIONAL PEROVSKITE SOLAR CELLS AND ANALYSIS 
OF STRUCTURE OF 2D PEROVSKITES FILMS 
 
2.1 Introduction  
Two-dimensional (2D) perovskites, first discovered in the 1990s,
61,62,73,119,141
 differ from 
their 3D counterparts (e.g., methylammonium lead iodide, MAPbI3) by inserting different (large 









 in between the inorganic slabs. One unique feature of these 
layered 2D perovskites is that the thickness between the adjacent large organic cation layers – 
identified by the number of octahedral lead ions (n) in between – can be adjusted. This leads to 
precisely controlled quantum wells with a general chemical formula of (RNH3)2MAn-
1PbnI3n+1.
74,117
 Only recently has the first example of using 2D perovskites for photovoltaic 
device emerged.
59
 Smith et al. reported that a layered 2D perovskite based on PEA and MA with 
n=3 exhibited better stability than the archetypical MAPbI3, however, a much lower photovoltaic 
efficiency (4.7%).
59
 This was due to the low carrier mobility on the vertical direction caused by 
these insulating large organic cation layers – supposedly parallel to the electrodes.
142
 Similar 
findings were also reported for BA and MA based 2D perovskite.
63
 However, a recent 
breakthrough reported by Tsai et al. 
143
 showed that upon casting 2D layered perovskites based 
on BA and MA (n=3 and 4) on preheated substrates (150 °C), these perovskites appeared to 
adopt the preferred orientation, i.e., organic cation layers perpendicular to the electrodes, which 
would allow much more effective charge transport and account for the observed 12% 
efficiency,
143
 together with much improved stability. When n was increased to 5, the device 
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 which was still significant. Further increasing the n to 
larger values (e.g., 10 or greater) could significantly improve the efficiency values of such mixed 
organic cations based perovskites (e.g., 15%),
60,146,147
 approaching the values demonstrated by 
3D perovskites; however, given the significantly reduced amount of large organic cations in 
these cases (20 mol% or less among all cations in these perovskites), these high n perovskites 
might be better regarded as 3D perovskites ‘mixed’ with dispersive lower-n value perovskites.
144
 
Thus, we arbitrarily define 2D perovskites as the ones with small n values (n ⩽ 5). 
These extraordinary results have inspired more reports on these layered 2D 
perovskites,
49,145,148-153
 on both optimization of processing conditions, new materials, and related 
further understanding of the growth mechanism of such 2D perovskites. For example, Chen et 
al.
151
 and Zhang et al.
152
 separately reported the control of the formation of BA based 2D 
perovskite thin films via solvent effect at different processing conditions, and Zhang et al. 
reported the efficient PEA based perovskite solar cells (n⩽5) by using additive NH4SCN in the 
precursor solution.
153
 In addition, other cations based 2D perovskite solar cells have also been 
explored.
49,146
 Nevertheless, a number of outstanding questions remain to be answered, for 
example, the composition of such 2D perovskites. Specifically, the 2D perovskites (n=4) based 
thin films prepared by the same hot-casting method but with slightly different precursor solutions 
have been reported with two different compositions.
154,155
 Blancon et al. reported that their 2D 
perovskite film from the precursor solution of re-dissolved phase-pure 2D perovskite crystals 
should maintain a pure phase of 2D perovskites (n=4) but contain many layer edge states;
155
 the 
latter would account for the observed high efficiency (12%). In contrast, Liu et al. proposed 
mixed phases with different n values for their 2D perovskite film made from a precursor solution 




The reported hot-casting method (i.e., casting perovskites on substrates preheated to 150 
°C) is quite finicky and hard to be reproduced to generate similar results as reported
143-145
  and 
other methods are under relative high temperature (⩾100℃) and require relative long treatment 
time.
49,146,147,152,153,156
 Herein we report a low temperature, additive-free and fast processing 
method to fabricate BA based 2D perovskites solar cells reaching similarly high efficiency (~ 
12%) when processed in ambient condition (45% relative humidity), yet with excellent 
reproducibility. Further, our method is generally applicable to incorporate other large organic 
cations into 2D perovskites to generate efficient solar cells. Instead of coating the perovskite 
precursor solution (prepared by mixing BAI, MAI and PbI2) on a preheated substrate (i.e., hot-
casting), we coat the precursor solution onto the substrate kept at room temperature (RT), 
followed by post-annealing the half-finished device at given temperature for a short period of 
time. We find that both the annealing temperature and annealing time can affect the device 
performance, and both need to be adjusted to reach the maximum device efficiency, depending 
upon the organic cation used in the 2D perovskites. More importantly, we applied a number of 
characterization methods to show that the 2D perovskites film in the finished device (either by 
hot-casting method or by post-annealing method) is not a single phase with pre-defined n; rather, 
it consists of multiple perovskite phases with different n values (2, 3, 4, …∞). The observed high 
efficiency appears to be the result of a vertical distribution of different perovskites phases that 
allows effective energy transfer from small n phases to larger n phases, followed by charge 
transport to the corresponding electrodes via the cascaded energy levels. 
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2.2 Characterization of 2D perovskites thin films and photovoltaic devices 
The essence of the hot-casting method by Tsui et al.
143,154
 was to spin-coat the precursor 
solution of re-dissolved phase-pure 2D perovskite crystals onto a preheated substrate (150 °C). 
To simplify the processing, we used the alternative precursor solution yet with an identical 
chemical composition by mixing BAI, MAI and PbI2 with a molar ratio of 2:3:4 (i.e., 2D 
perovskite with n=4) in N, N-dimethylformamide (DMF). Indeed, with this alternative precursor 
solution, we were able to largely reproduce the results by Tsai et al., as shown in Figure 2.1.a; 
however, we noticed that this hot-casting method has a very short processing window due to the 
rapid cooling of the substrate with such a high temperature (preheated to 150 °C) during spin 
coating. This uncontrolled cooling creates a serious challenge to the reproducibility of high 
efficiency devices. To circumvent this issue, we developed another one-step post-annealing 
method. In the case of BA based 2D perovskite with n=4, we spun-coat the same precursor 
solution at 70 °C on a substrate at RT, followed by post-annealing the film (on the substrate) at 
different temperature for a short period of time. Our results show that a post-annealing at 80 °C 
for a mere 3 seconds appeared to be the optimal condition to reach the highest device efficiency 
of 8.3% (Figure 2.1.a and Table A2.1), slightly lower than the efficiency (10.4%) obtained by 
the hot-casting method in our lab.  
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Figure 2.1. (a) J-V curves and (b) external quantum efficiency (EQE) curves of device made by 
post-annealing (for 3 seconds) and hot-casting in glove box (solid line is forward scan; dashed 
line is reverse scan).   
However, given that the parameters of post-annealing (e.g., time and temperature) can be 
precisely controlled, it was much easier to obtain devices having high efficiency in a highly 
reproducible manner. A higher post-annealing temperature (e.g., 100 °C) and prolonged 
annealing time would lead to sub-optimal device efficiency, as shown in Figure A2.1 and Table 
A2.2. Examining the surface of annealed films with scanning electron microscopy (SEM) 
(Figure A2.2) showed that longer annealing time at 100 °C would lead to more cracks (defects), 
which could act as recombination center and reduces the device efficiency. The J-V curves in 
Figure 2.1 exhibit a little “S” shape around the open circuit voltage (Voc) position, which might 
be caused by those defects at surface as well. On the other hand, a lower post-annealing 
temperature (e.g., 65 °C) only showed marginal improvement on short circuit current (Jsc), Voc 
and fill factor (FF), when compared with the one processed at RT (without any post-annealing). 
As stated earlier, there is an open debate on the composition/morphology of these 2D perovskites 
that showed unusually high efficiency.
143
 Having achieved similarly high efficiency with two 
different methods (hot-casting and post-annealing), we set our path towards the understanding of 
the film composition/morphology, aiming to disclose the operating mechanism of such 2D 
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perovskites based solar cells. Given the well-defined, periodic structure of the 2D perovskites, 
we first applied X-ray scattering techniques. Specifically, grazing incidence wide-angle X-ray 
scattering (GIWAXS) was performed on these 2D perovskites (processed with either hot-casting 
or post-annealing) on PEDOT:PSS/Si substrates to identify the orientation distribution. The 
GIWAXS patterns of the perovskites film processed with the post-annealing method at 80 °C 
and 100 °C are very similar to those of the film processed by the hot-casting method (Figure 
A2.3), which indicates that the orientation of crystalline domains in our films processed with 
either hot-casting or post-annealing appears to be similar to what was reported by Tsui et al.
143
 
To further understand the crystal composition inside these films, we also performed X-ray 
diffraction (XRD) to those films in both large angle and small angle ranges. 
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Figure 2.2. (a) XRD in large angle range, and b) XRD in small angle range of these perovskites 
films processed with different methods and conditions. c) absorption spectrum and d) normalized 
photoluminescence spectrum of 2D perovskites films with different fabrication condition. 
XRD pattern in large angle (Figure 2.2.a) shows that the position and intensity of 
diffraction peaks for 2D perovskites processed with the hot-casting method are almost identical 
to those of films processed with the post-annealing condition at different temperatures. However, 
we note that both the GIWAXS and XRD patterns are relative difficult to characterize the 
complicated composition in the 2D perovskite thin film with multiple phases with similar type of 
crystallines. Those diffraction peaks exist in a variety of perovskites, including 2D perovskites 
with n=2, 3 and 4, or even 3D perovskites (n=∞). For example, the peaks at 2θ of 14.20°, 28.48° 
and 43.28° can indicate the crystallographic planes (111), (202) and (313) in 2D perovskites with 
n=4, or they can come from crystallographic planes (200), (400) and (600) in 3D perovskites.
55,59
 
On the other hand, the XRD pattern in small angle is more revealing. Figure 2.2.b shows there 
are two diffraction peaks in the 2D perovskites (n=4) processed with post-annealing (80 °C, 3s), 
matching the calculated diffraction peaks for 2D perovskite with n=2. This observation indicates 
there are ordered n=2 phases existing in the 2D perovskites with n=4 (processed with the post-
annealing method). Interestingly, we did not observe ordered n=2 phase in the 2D perovskite 
processed with the hot-casting method in its XRD spectrum, which might be due to a tiny 
amount of n=2 or its preferred orientation in the pre-heated film.
154
 
Nevertheless, this n=2 phase has been spectroscopically observed via UV-Vis and 
photoluminescence (PL) measurements in the 2D perovskite processed with the hot-casting 
method.
154
 With the additional spectroscopic response for n=3, n=4 and even n=∞, Liu et al. 
proposed that such prepared 2D perovskites were a mixture of 2D perovskite phases with 
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different n value 
157
. We then applied similar spectroscopic methods to investigate our 2D 
perovskites. For the 2D perovskites processed with our post-annealing method, we also observed 
excitonic peaks at 567, 600 and 640 nm (Figure 2.2.c), similar to the excitonic peaks observed 
from the 2D perovskite processed with the hot-casting method (Figure 2.2.c) and corresponding 
to the different phases (n=2, 3 and 4). The presence of different phases was further confirmed by 
the PL measurement, which showed excitonic peaks at 582, 614 and 648 nm, correspondingly, 
for both host-cast and post-annealed 2D perovskites (Figure 2.2.d). Finally, both PL spectra – 
excited from the front of the film (air-side), and from the back of the film (glass-side) – exhibit a 
main peak at ~ 760 nm, close to the PL peak of 3D perovskite at ~ 768 nm. However, if we 
normalize the PL spectra in regard to the 760 nm peak, the intensity of other PL peaks 
(corresponding to n=2, 3 and 4) is noticeably lower for the excitation from the front side than 
from the back side (Figure 2.2.d), in both cases (host-cast and post-annealed 2D perovskites). 
This implies that there were more regions of 2D perovskites having low n values on the back 
side of the perovskites (i.e., close to the glass substrate). In contrast, though the 2D perovskite 
film processed at RT without hot-casting and post-annealing also showed multiple absorption 
peaks – indicative of different phases (Figure A2.4.a), the normalized PL spectra of the RT 
processed film (Figure A2.4.b) from both sides are very similar (shape and intensity). This 
implies that the RT processed film had a rather uniform distribution of different phases (n=2, 3, 
4…∞) across the film. Given that the RT processed 2D perovskites showed much lower 
photovoltaic efficiency than the 2D perovskites processed with hot-casting or post-annealing 
(Figure 2.1.a), we suggest that the presence of different phases and their distribution must play 
an important role in deciding the efficiency of photovoltaic devices. 
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To further identify the composition in these 2D perovskites (supposedly n=4), we applied 
1
H-NMR to examine the average MA:BA ratio in these finished perovskites films 
158-160
. 
Specifically, samples of these perovskites (after different processing methods) were re-dissolved 
in d
6
-DMSO, before they were examined by 
1
H-NMR. Since the chemical shifts of the methyl 
groups in MA and BA are at 2.3 ppm and 0.9 ppm, respectively, we used the integration ratio of 
these two peaks to estimate the average MA:BA ratio in the perovskite thin film (Table A2.3 and 
Figure A2.5). For single phase perovskite with n=2, 3, 4 and ∞, the corresponding MA:BA ratio 
should be 0.5:1, 1:1, 1.5:1 and 1:0, respectively (Table A2.3). While the ratios of MA:BA in the 
precursor solution and drop-cast processed perovskite film (without spin-casting, but with post-
annealing at 80 °C for 30 min) are essentially 1.5:1, as expected, we were surprised to find that 
the ratio of MA:BA was much lower (1.24 and 1.32) than 1.5:1, for films processed either with 
hot-casting or post-annealing. The exact reason for the “missing MA” in these perovskite films is 
not clear at this moment; however, this observation offers further evidence that the perovskites 
thin films processed with either hot-casting or post-annealing cannot be a single phase material 
with n=4 (otherwise the ratio of MA:BA would have been 1.5:1). There must exist different 
phases (i.e., different n values) of significant quantity in these 2D perovskites, corroborating the 
observation from UV-Vis and PL.  
 
2.3 Analysis of photophysics in 2D perovskites thin films 
Having established that the composition and distribution of multiple phases in these 2D 
perovskites processed with either hot-casting or post-annealing, we next focused on investigating 
how the distribution and rather unique alignment of these different phases would lead to the 
impressive efficiency of these 2D perovskites. To this end, we apply 2D transient absorption 
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spectroscopy (2DTA) to investigate photo-induced relaxation processes in the layered 
perovskites films. The experiments were conducted with a tunable narrowband pump beam and a 
continuum probe, and provide information similar to that derived from a Fourier transform 
photon echo spectrum on longer time scales (i.e., after pump-induced coherences have 
decayed).
161,162
 The 2DTA spectra connect the initially excited quantum well (pump axis) and the 
quantum well that the excitation occupies at the delay time, τ (detection axis), as depicted in 
Figure A2.8.
163
 Therefore, signal intensity accumulates above the diagonal of the 2DTA 
spectrum as the electronic excitations are funneled towards quantum wells with larger values of 
n. The 2D representation of the data is convenient because energy transfer pathways are 
distinguished in a straightforward manner. For example, the data will readily distinguish 
pathways in which quantum well n transfers energy to quantum well n+1 or n+2.   
Model calculations are conducted to establish the origins of the resonances and the 
energy transfer time constants (see Equations (S1)-(S3) on page 5-8 of Supporting Information). 
This model was described at length in a recent study of a related system.
163
 The response 
function is parameterized in a basis of bound single exciton and biexciton states based on the 
progression of peaks with positive and negative signs in the spectroscopic signals. 2DTA spectra 
are calculated by decomposing the signal into three components: ground state bleach (GSB), 
excited state emission (ESE), and excited state absorption (ESA).
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 The parameters are obtained 
by fitting conventional transient absorption data in both time and frequency domains with the 
nonlinear response functions and coupled equations for the population kinetics. The GSB and 
ESE components yield peaks with negative signs (single exciton resonances), whereas those of 
the ESA are positive (biexciton resonances). Differences in the single exciton and biexciton 




 however, we consider the spectral shifts in the present systems to be more 
consistent with confinement effects because the line widths are narrow and the resonance 




Figure 2.3. 2DTA spectra of post-annealing films at 80 °C obtained for back-side (i.e., glass-
side, a-d) excitation. Delay times τ are: (a) 1 ps; (b) 25 ps; (c) 100 ps; (d) 500 ps. The horizontal 
axis corresponds to the initial location of the electronic excitation corresponds to the whereas the 
detection axis represents the location at time, τ. Energy transfer transitions between quantum 
wells gives rise to signal intensity above the diagonal. 2DTA spectra are simulated at (e) 1 ps; (f) 
25 ps; (g) 100 ps; (h) 500 ps with a model that incorporates single and biexciton states for each 
quantum well. The parameters based on empirical fits to transient absorption data. 
Peaks with negative signs appear on the diagonal of the 2DTA spectra at a 1-ps delay 
time in Figure 2.3 (i.e., before energy transfer takes hold). This indicates that (i) the quantum 
43 
wells are weakly coupled (i.e., no cross-peaks in GSB) and (ii) non-radiative transitions between 
quantum wells have not yet occurred . Growth of peaks with negative signs above the diagonal is 
observed as the delay time increases. These off-diagonal peaks represent energy transfer 
transitions between quantum wells. For example, an intense peak is detected with a 610-nm 
(n=3) pump and 645-nm (n=4) detection wavelengths at a delay time of 100 ps. Thus, the 
increase in signal intensity at 610-nm (n=3) pump and 675-nm (n=5) detection wavelengths near 
500 ps signifies a secondary energy transfer process. That is, the electronic excitation initiated in 
quantum well n=2 transfers to the n=3 quantum well before arriving at n=4. Overall, the 
sequence in which the cross peaks grow suggests a cascade of energy transfer events in which 
quantum well, n, transfer electronic excitations primarily to quantum well n+1 as shown in 
Figure 2.4.
163
 The excitations are funneled to the n=∞ layer (front of the film) within the first 
500 ps; however, a significant portion of the excitons relax at each step in the energy funneling 
process. These relaxation processes are “dark” in that they do not give rise to intense resonances 
in the 500-700 nm range. Therefore, we postulate that electron-hole recombination at edge states 





Figure 2.4.  Relaxation scheme for layered perovskite quantum wells. Energy transfer dynamics 
dominate the spectroscopic signals. Additional non-radiative decay pathways (e.g., radiation and 
defect-assisted recombination) are proposed based on fits to the transient absorption data. The 
excitation at 570 nm is above the bandgap, the cooling of hot electron in the n  layer is 
associated with the shrinking of the bandwidth. Time constants associated with these processes 
are given in Table A2.5.
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Similar spectroscopic signatures have been attributed to electron and/or hole transfer in 
recent literature involving related systems.
154,167
 We assign the dynamics in the present system to 
energy transfer for several reasons. Firstly, the measured time constants (on the order of 30 ps) 
are in excellent agreement with the 38-ps time constant computed using Förster’s rate formula 
(see Equations (S9) on page 7-8 of Supporting Information). Secondly, the spectroscopic line 
shapes are well-fit in a basis of bound single exciton and biexciton states. Thirdly, the Coulomb 
coupling that governs energy transfer scales as the inverse cube of the donor-acceptor distance, 
whereas the coupling that control electron and/or hole transfer decays exponentially. Moreover, 
it has been shown that the transition dipole couplings scale even more favorably for energy 





 Together, the large transition dipoles and superior length-scaling of the perturbative 
couplings suggest that the rate of energy transfer is likely to exceed that of charge transfer. 
Fourthly, the proposed energy funneling process, in which quantum well n transfers electronic 
excitations primarily to quantum well n+1 (not n+2), is consistent with the pattern of peaks in the 
2DTA spectra. In Figure 2.5, we illustrate differences expected for 2DTA spectra associated 
with energy and charge transfer. As in the experimental 2DTA spectra, signal intensity 
accumulates above the diagonal with increasing delay times when energy transfer is dominant 
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 are displayed in the 
2DTA spectrum associated with charge transfer (Figure 2.5.c). The absence of peaks below the 
diagonal in Figure 2.3 suggests that a negligible amount of charge transfer occurs at delay times 





, both studies suggest that prominent resonances associated with hole transfer 
appear by τ=200 ps.  Notably, the present study indicates that energy transfer dominates when τ< 




Figure 2.5. Illustration of differences in 2DTA spectra associated with energy and charge 
transfer. (a) At time-zero, only diagonal peaks are produced for both processes. (b) Off-diagonal 
peaks with negative signs, ΔA, red-shift along the detection axis when energy transfer is 
dominant.  (c) Peaks with negative signs, ΔA, red-shift above the diagonal and blue-shift below 
the diagonal with increasing delay times. Peaks are not observed below the diagonal in the 
present study. The experimental data shown in Figure 3, which is consistent with panel b, 
suggests that energy transfer dominates the first 500 ps after photoexcitation.  
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2.4 Proposed structure of 2D perovskites films and formation mechanism 
Taking these findings together, we believe the following scenario would best explain the 
impressive photovoltaic efficiencies achieved by these 2D perovskites. As graphically shown in 
Figure 2.6, these 2D perovskites films (processed with either hot-casting or post-annealing) 
would contain multiple regions having different n values. At any given depth, the particular 
‘slab’ could contain multiple phases. However, in average, the n value for the ‘slab’ increases 
from bottom of the substrate to the top. Since the band gap of 2D perovskites decreases as the n 
value increases, in the first 500 ps, the energy transfer – from the perovskite having a small n to 
the one with a large n – dominates in these 2D perovskites films. It is plausible that all excitons 
(from different n phases) would be funneled into the 3D perovskite phase (n=∞) on the surface 
via the energy transfer mechanism. Given the weak exciton binding energy in the 3D 
perovskites, these collected excitons can spontaneously split into free electrons and holes, which 
can then transport to the corresponding electrodes via the staggered energy levels of the different 
2D perovskite phases.
63,154
 Furthermore, this particular arrangement of phases could also 
facilitate electron transfer from the phases with small n values to the ones with large n values, 
and hole transfer on the other direction, at longer time scales. Both mechanisms help charge 
separation and spatially accumulate electrons to be collected by the top electrode, and holes 





Figure 2.6. Proposed structure of 2D peorvskites thin films. 
This built-in charge moving of electrons to the top and holes to the bottom of the 2D 
perovskite films matches very well with the p-i-n photovoltaic device structure where the 
cathode is on the top and anode on the bottom, but not with the n-i-p structure where the cathode 
is on the bottom. Indeed, when these 2D perovskites – processed with either hot-casting or post-
annealing – were put into the n-i-p device structure, we only obtained very poor device 
performance (Table A2.6). This observation further supports the compositional change in these 
2D perovskite films, i.e., increasing n values from bottom of the film to the top.  
As for the formation mechanism of these vertically stacked different n phases in our 2D 
perovskites thin films, we hypothesize that the small n phases (n = 2, 3) would form immediately 
and precipitate on the surface of substrate in the early stage of the spin coating due to their lower 
nucleation barrier (thus easier formation).
145,152
 At this stage, most of the MA cations would still 
remain in the solution, leading to a disproportionately higher ratio of the MA cation vs. BA 
cation (in the liquid solution) than the original stoichiometry. Because of the higher ratio of MA 
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vs BA, further spinning process would spin off/remove more MA cations than BA cations (than 
the original stoichiometric ratio of MA vs BA). This would eventually leave behind a 
disproportionally lower ratio of the MA cation vs BA cation that would go into the ultimately 
solidified film. This was confirmed by the overall lower ratio of MA vs BA in the final film (see 
Table A2.3).  
Importantly, we believe that the thermal annealing (after the spin coating was done) plays 
the key role in leading to the observed vertical phase separation. It is likely that, during the post 
annealing, the heat would hit the substrate first and transport vertically to reach the top of the 
(still wet) perovskite film. As such, the bottom of the perovskite film would solidify first and 
produce mainly small n phases (n = 2, 3) due to their easier formation (nucleation and 
crystallization). This would disproportionally draw the BA cations out of the wet film, and 
promote the formation of large n phases (since the excess amount of MA cations would prefer 
the formation of large n phases). As the progress goes, more and more BA cations would be 
consumed, tipping the stoichiometry more towards the enriched MA cations in the wet film and 
leading to the almost pure 3D phases at the top of the film (where the heat would hit the last). 
Please note that different mechanisms have been reported to explain the film formation of 
these 2D perovskites. For example, Chen et al. 
151
 proposed that the nucleating from the interface 
between the precursors (in liquid) and air would lead to a preferential orientation of the 2D 
Ruddlesden-Popper perovskites. However, a different solvent (DMAc) was used in their study 
and much longer annealing time was used (10 min). Two other reports also investigated the film 
formation mechanisms
145,152
  and proposed different mechanisms as well. At this stage, the jury 
is still out. Furthermore, since the formation of these perovskites thin film is significantly 
impacted by the solvent choice and other processing conditions (e.g., annealing temperature and 
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time, substrate temperature, etc.), it is likely that multiple mechanisms would be co-existing for 
the observed film formation; there might be a dominating mechanism for a particular set of 
processing conditions.  
 
2.5 Device optimization for BA and other organic cations based 2D perovskites 
3D perovskites (e.g., MAPbI3) are known to be very sensitivity to moisture,
60
 which has 
posed a significant challenge on their production, in particular, on an industrially relevant scale. 
One of the big motivations to study these 2D perovskites is their much improved insensitivity to 
humidity when compared with 3D perovskites, likely due to the larger formation energy of 2D 
perovskites 
173-175
. To probe the resilience of our post-annealing processing method under humid 
conditions, we fabricated 2D perovskites based devices (processed with hot-casting or post-
annealing) in air with a relative humidity of 45%. Surprisingly, these devices showed even 
higher efficiency (Figure 2.7, Figure A2.14 and Table A2.7) than the ones fabricated in the 
glovebox (oxygen and water < 1ppm) (Figure 2.1), with the highest efficiency over 12%. The 
stabilized max power point track of the champion device was shown in Figure A2.15, with the 
stabilized efficiency well above 12%, indicating the hysteresis effect was negligible in our 
devices. This observation suggests that moisture might be even beneficial to achieving the 
optimal morphology/phase composition in these 2D perovskites, which is worth further 
investigation. Preliminary investigation with SEM shows that the films processed in air with hot-
casting or post-annealing (65 °C and 80 °C, for example) exhibit less cracks when compared 
with the ones prepared in the glovebox (Figure A2.16). Similar findings that the moisture would 
improve the film quality has been reported for 3D perovskites solar cells, and it was believed that 
the water could help the MAI freely move and heal the defects at the surface.
55,59,176
 However, in 
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our system whether BAI would also be similarly affected by the presence of water is still an open 
question for further investigation. Interestingly, similar device characteristics were obtained with 
the 2D perovskites processed with the post-annealing method at different annealing 
temperatures; this further shows the robustness of the post-annealing method. In contrast, solar 
cells based on 3D perovskites (MAPbI3) fabricated in air with a relative humidity of 45% show 
much worse device characteristic than those of the cells fabricated in glovebox (Figure A2.17 
and Table A2.8). Additionally, statistical analysis of multiple devices fabricated in air with 
either the hot-casting method or post-annealing (~ 60 devices for each fabrication method) shows 
that devices fabricated with the post-annealing method demonstrate higher efficiency that the 
ones with the hot-casting method (Figure A2.18). 


































Figure 2.7. J-V curves of 2D perovskites made in air with a humidity of 45% with different 
processing conditions (solid line is forward scan; dashed line is reverse scan). 
This post-annealing based new processing method appears to be generally applicable to 
incorporate a variety of (large) organic cations into 2D perovskites, for example, phenylethyl 
ammonium (PEA).
59
 In the pioneering work by Smith et al., 2D perovskite incorporating PEA 
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(with n=3) only showed a low photovoltaic efficiency of 4.73% and large hysteresis for forward 
and reverse scan was observed.
153
 When we applied the post-annealing method (at 45 °C) to 
PEA based 2D perovskite film, we were able to achieve 7% efficiency for these 2D perovskites 
with a nominal n=3 (based on the precursor solution) and ~ 9% for n=4 (Figure A2.19 and 
Table A2.9), which is comparable to best value achieved by using NH4SCN as the additive 
recently. On the other hand, the hot-casting method (at 150 °C) resulted in noticeably lower 
efficiencies and hysteresis for 2D perovskites (n=4). Importantly, our post-annealing method can 
be extended to incorporate other cations, e.g., 4-fluorophenylethyl ammonium (4-FPEA) and 
bithiophenylethyl ammonium (BTEA); the corresponding photovoltaic devices demonstrated 
appreciable efficiencies (e.g., ~9% for 4-FPEA and ~8% for BTEA, Figure A2.20 and Table 
A2.10). Moreover, the associated low temperature and fast post-annealing are desirable features 
for scalable manufacturing of such 2D perovskite solar cells on flexible substrates. 
 
2.6 Conclusion  
In summary, with a new post-annealing method, we were able to fabricate efficient p-i-n 
2D perovskite solar cells (7% – 12%) with a variety of organic cations. This post-annealing 
method can be done at low temperature and only requires a very short period of annealing time. 
The experimental evidence indicated that the 2D perovskite made by our post-annealing method 
exhibited similar vertical phase separation as the hot-casting method. Further TA measurement 
suggested that the energy transfer mechanism, at least in short time scale, play an important role 
in achieving the observed high power conversion efficiency of these 2D perovskites based solar 
cells., Yet, electron and/or hole transfer at longer time scales could also happen, as suggested by 
other studies.  
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However, a few outstanding questions remain. First, how would this vertical phase 
separation occur? A few very recent studies have offered some insights in this regard,
145,146,151,152
 
yet the definitive answer is still at large. It is also possible that different mechanism might 
operate for films processed with different processing conditions. In addition, further confirming 
the orientation of these phases and even controlling the formation and orientation of these phases 
require more in-depth study. Finally, it is still unclear what role(s) these (large) organic cations 
play in these 2D perovskites, other than serving as the insulating barrier for the formation of 2D 
phases. Nevertheless, given the simplicity, generality and high reproducibility of our post-
annealing method, this method could greatly facilitate the future studies of these 2D perovskites.  
 
2.7 Experimental Section 
General method 
MAI was purchased from Dyesol, PCBM was purchased from Nano-C, PbI2 
(99.9985%)was purchased from Alfa Aesar. Other chemicals were bought from Sigma-
Aldrich and used as received without purification, unless otherwise noted.  
The photoluminescence of perovskite thin film on glass slide was measured by 
Fluorolog-3 spectrofluorometer. The excitation wavelength is 500 nm. The absorption of 
perovskite thin film on glass slide was obtained with a Shimadzu UV-2600 
spectrophotometer. SEM images were obtained by Hitachi S-4700 Cold Cathode Field 
Emission Scanning Electron Microscope or FEI Helios 600 Nanolab Dual Beam System.  
Synthesis of BAI and deuterated MAI  
CH3(CH2)3NH3I (BAI) was synthesized from the reaction of n-butylamine with 
hydriodic acid (HI) (57wt% in water) at 0 °C. The crude product was obtained by slowly 
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evaporating the solvent under reduced pressure. Then the white precipitate was dissolved 
and recrystallized in ethanol. The small crystals were further washed with diethyl ether 
several times before drying them in vacuum oven. After drying overnight, they were 
transferred into a glove box filled with nitrogen for further use. 
CD3NH3I (Deuterated MAI) was synthesized by dissolving 1gram MAI in 10 ml 
heavy water and heating at 60 °C for 1 hour and then vacuum dry. This process was 
repeated three times. 
2D perovskite film fabrication 
The precursor solution was made by dissolving BAI, MAI and PbI2 in DMF with 
the molar ratio of BAI:MAI:PbI2=2:3:4 and stir at 70°C for 30 min. The concentration of 
Pb
2+
 is 1 M. For hot-casting method, the 2D perovskite film was spin-coated at 5000 rpm 
for 25 s from the precursor solution at 70°C on a substrate preheated at 150°C for 15min. 
For post-annealing method, the 2D perovskite was spin-coated at the same spin condition 
as the hot-casting method from the precursor solution at 70°C on a substrate at room 
temperature. Then the resulting film was quickly transferred to a hot plate at desired 
temperature for certain annealing time. For example, for the devices annealed at 80°C for 
3 seconds, the substrate was taken away from the hot plate immediately after the film 
changed its color from yellow to dark brown (about 3 seconds).  
Photovoltaic Device Fabrication and Characterization 
Glass substrates coated with patterned indium doped tin oxide (ITO) were 
purchased from Thin Film Devices, Inc with a resistivity of 20 Ω/□. Prior to use, the 
substrates were ultrasonicated in deionized water, acetone, then 2-proponal for 15 minutes 
each. The substrates were dried under a stream of nitrogen and subjected to the treatment 
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of UV-Ozone for 15 min. A dispersion of PEDOT:PSS in water (Clevios™ P VP AI 4083 
from Heraeus) filtered by 0.45 µm PVDF filter was then spun cast onto cleaned ITO 
substrates at 4000 rpm for 60 s and then baked at 130 °C for 15 min in air to give a thin 
film with a thickness of 40 nm. Then the perovskite film was coated on top of the 
PEDOT:PSS as previously mentioned. After cooling down, the [6,6]-Phenyl C61 butyric 
acid methyl ester (PCBM) was spin-coated on top at 2000 rpm for 30 s from a PCBM 
solution in chloroform with a concentration of 13 mg/ml. Then 0.5 nm LiF and 50 nm 
Aluminum was thermal evaporated as the metal electrode at a base pressure of 2 × 10
-6
 
mbar. The active area was 0.13 cm
2
, controlled by shadow mask. The devices made in air 
followed the same procedure except the perovskite films were prepared in air and then 
transfer into glovebox filled with nitrogen for casting the PCBM layer.  
3D perovskite solar cell was fabricated by one-step antisolvent extraction 
approach. The perovskite precursor solution was prepared by dissolving 461 mg PbI2 and 
159 mg MAI in 700 mL DMF and 78 µL dimethyl sulfoxide (DMSO). Then MAPbI3 
precursor solution was spun onto PEDOT:PSS at 2000 rpm for 2 s and 4000 rpm for 20 s, 
the sample was drop-casted with 0.3 mL toluene at 8 s of the second-step spin-coating. 
Subsequently, the sample was annealed at 65 °C for 10 min and 100 °C for 10 min. Then 
follow the same procure as 2D perovskite to finish the device.  
Device characterization was carried out under AM 1.5G irradiation with the 
intensity of 100 mW/cm
2
 (Oriel 91160, 300 W) calibrated by a NREL certified standard 
silicon cell. Current density versus voltage (J-V) curves were recorded with a Keithley 
2400 digital source meter. The scan rate is 0.05 V/s. External quantum efficiency (EQE) 
were detected under monochromatic illumination (OrielCornerstone 260 1/4 m 
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monochromator equipped with Oriel 70613NS QTH lamp), and the calibration of the 
incident light was performed with a monocrystalline silicon diode (Model No.: Newport 
71580). The final performance average values and standard deviations are deduced from 
eight devices. 
GIWAXS  
Grazing incidence wide angle X-ray scattering (GIWAX) study were performed at 
the Stanford Synchrotron Radiation Lightsource (SSRL) using Beamline 11-3 and 
Advanced light source at Lawrence Berkeley National Lab using beamline 7.3.3. The data 
showed in this paper was record from 11-3, and the scattering intensity was detected on 2-
D image plate (MAR-345) with a pixel size of 150 µm (2300 × 2300 pixels). The samples 
were on silicon wafer with a size around 0.5×0.5 cm
2
, and the detector was located at a 
distance of 250 mm from the sample center. The incidence angle was chosen in the range 
of 0.2° to optimize the signal to-background ratio. The data was reduced with the 
software WxDiff and the accurate q value was corrected based on a LaB6 film sample. 
1
H-NMR 
The perovskite samples by hot-casting or post-annealing method were spun on 
glass substrates and then the thin films were re-dissolved in deuterated dimethyl sulfoxide 
(d6-DMSO). The sample of drop-casted film was made by drop-casting the precursor 
solution on glass slide and baking at 80°C for 30 min and then re-dissolved in d6-DMSO. 
The sample of precursor solution was prepared by diluting the precursor solution by the 
d6-DMSO. Then 
1
H-NMR spectra for all those samples were collected on Bruker DRX 
spectrometers (400 MHz, 500 MHz or 600 MHz).  
Transient Absorption Spectroscopy 
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All transient absorption spectroscopy experiments (1DTA and 2DTA) were 
conducted with a 45-fs, 4-mJ Coherent Libra with a 1-kHz repetition rate. About 1.5 mJ 
of the 800-nm fundamental is focused into a 4-m seal cell filled with argon gas to 
generate a continuum ranging from 470nm-750nm. The continuum pulse is then filtered 
by a 4F setup built with only reflective optics, which is based on a 1200-g/mm grating 
and 20-cm focal length mirror. A motorized slit is used to select the desired range of 
wavelength. In all the experiments conducted in this work, the filtered narrowband pump 
pulses have 5-nm widths and 250-fs durations. A neutral density filter controlled by 
computer is applied to smooth the steep variations in the pump fluence among different 
wavelengths. 
Continuum probe pulses are generated by passing a small portion of 800-nm 
fundamental through a sapphire window and sent to the sample with spherical focusing 
mirror. The spot size of the probe is about 200-μm, matching the spot size of the pump. A 
CMOS array detector synchronized to the laser system is used to detect the transmitted 
probe. In all 1DTA and 2DTA experiments, the signals are averaged over 30 scans of the 
delay line and 200 differences are collected for a delay point in a single scan. 
Two-Dimensional Transient Absorption Spectroscopy (2DTA) 
2DTA is measured by scanning the pump wavelength in the same setup described 
for the conventional 1DTA. The excitation axis is generated by moving the motorized slit 
in the 4F setup and changing the center wavelengths of the 5nm-width narrowband pulses 
described above. The detection axis is directly formed with the white light probe. Due to 
the narrow bandwidth of the pump pulse, dispersion accumulated in transmissive optics 
has a negligible effect on their durations. Thus, these pulses can be regarded as transform-
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limited. Besides, the translation stage is programmed to compensate for the discrepancies 
in time-zero associated with different pump wavelength. Thus, as in conventional TA 
experiments, time-resolution is limited by the chirp in the continuum probe pulse. In the 
2DTA, a numerical chirp correction for the probe is not applied because the probe pulse 
duration (500 fs) is short compared to the relaxation dynamics under investigation. 
The center wavelength of the 5nm FWHM pump pulse is scanned over 500-700 
nm in 3-nm steps. The scheme is illustrated in Figure S8; the arriving times of different 
colors are kept the same by compensating the discrepancies with the programmed 
translational stage. Because reducing the bandwidth of the pump pulse does not decrease 
the spectroscopic line widths observed by 2DTA, the measured spectral line widths are 
induced by the line broadening mechanisms instead of the laser bandwidth. Measured 
data are averaged for 30 scans of both scanning dimensions, pump wavelengths and 
delay. 
In 2DTA, optical choppers are applied to both the pump and probe pulses to 
eliminate artificial signal from scattered pump light. The chopping frequencies for the 
pump and probe pulses are respectively 500 and 250 Hz to generate four different phases: 
pump on/probe off (S1), pump on/ probe on (S2), pump off/probe off (S3), pump off/probe 
on (S4). The transient absorption spectrum is then computed by ΔA=log(S2-S1)- log(S3-
S4). Using two choppers decreased the data acquisition efficiency but fully eliminates 
pump scatter which produces unreal negative peaks on the diagonal of the 2DTA spectra.  
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Chapter 3 SYNTHETIC CONTROL OVER ORIENTATIONAL DEGENERACY OF 
SPACER CATIONS ENHANCES SOLAR CELL EFFICIENCY IN TWO-
DIMENSIONAL ORGANIC-INORGANIC HYBRID PEROVSKITE 
 
3.1 Introduction  
Two-dimensional (2D) organic-inorganic hybrid perovskites (OIHP), with a perspective 
of combining properties of both inorganic framework and versatile organics towards creating 
novel functional materials, have been studied since the 1980s.
61,62,72-74,86,117,119,141,177-179
 The 
inorganic framework can empower the 2D OIHP with desirable properties rooted in such 
inorganics, for example, high charge carrier mobility along the sheet-like inorganic framework.
61
 
Furthermore, the layered structure of such 2D OIHP enables appreciable tunability in quantum 
confined properties (e.g., band gap, exciton binding energy), by varying the thickness of the 
inorganic layer;
51,58,65,67,69
 such tunable quantum confined properties allow 2D OIHP for a variety 
of optoelectronic applications including solar cells,
48,59,60,63





 among others. As to the organics, a variety of conjugated molecules based 







 Depending upon the energy levels and band gaps, these conjugated organics can 
contribute to light absorption and emission of 2D OIHP, and/or facilitate charge transfer between 
the organic and the inorganic framework.
80,85,89-91,183-185
 Given the vast design space for both 
organic and inorganic frameworks, more ‘exotic’ functions have also been envisioned with 2D 
OIHP, including singlet fission, up conversion, among others.
74,80,86,185-187
  
Influenced by the intensive research on lead halides based three dimensional (3D) 
perovskites –particularly for photovoltaic applications,
6,7,18-22
 the lead halide-based 2D OIHP are 
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perhaps the most studied ones, which have a general formula of (RNH3)2MAn–1PbnX3n+1. In here, 
n represents the number of octahedral lead halide units (i.e., layers of the inorganics) between 
adjacent insulating organic cation layers.
74,86,179
 Particularly, 2D OIHP with higher n values (n ≥ 
3) have attracted much attention as new photovoltaic materials because of the improved stability 
of such materials based solar cells when compared to their three-dimensional (3D) counterparts, 
e.g., methylammonium (CH3NH3
+
, MA) lead triiodide (MAPbI3).
48-50,59,60,63,124,139,140
 However, 
these 2D layered perovskites, having the insulating organic cations separating these inorganic 
slabs, tend to adopt an orientation where these inorganic slabs would be aligned in parallel to the 
substrate (i.e., ‘face on’). This would significantly hinder the charge transport in the vertical 
direction and result in a lower efficiency of the 2D OIHP based solar cells.
59,63
 In contrast, their 
3D counterparts do not have these insulating organics, and have shown ultra-efficient charge 
transport – one of the key features that have enabled the rapid growth of the device efficiency 
from ~3% to ~22% in less than ten years.
6,7,18-22,188,189
 Interestingly, the processing conditions 
have a strong impact on the morphology and texture of the 2D OIHP, in particular, the 
orientation of these inorganic slabs; for example, a hot-casting processing method presumably 
achieved the desirable vertical alignment of the inorganic slabs in 2D OIHP based on 
butylammonium (C4H9-NH2
+
, BA), MA and PbI2 with a small n number (3 or 4). Such an 
unusual vertical orientation of these inorganic slabs would circumvent the transport issues 
imposed by these insulating organics, and was believed to account for the observed high device 
efficiency (12.5%) with enhanced stability.
48
 Further enhancing the photovoltaic device 







 tailoring the organic cations
146,148
 or applying 
additives.
190,191
 Alternatively, increasing the n to larger values (e.g., 10 or greater) has been 
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shown to enable high efficiency (>15%);
60,64,139,140,192
 however, the concomitant decrease of the 
amount of large organic cations (e.g., 29 mol% in 2D perovskite with n = 6) renders these 2D 
OIHP more akin to 3D perovskites (mixed with a small amount of 2D perovskite phases),
140
 in 
particular, from the perspective of optoelectronic properties involving the organics. Thus, we 
arbitrarily narrow the definition of 2D OIHP to those with small n values (n ≤ 5).  
Most 2D OIHP based solar cells of high efficiency have large aliphatic ammoniums – 
such as BA or isobutylammonium (iso-C4H9-NH2
+
, i-BA) – separating the inorganic perovskites 
slabs, as required by 2D OIHP.
48,148
 These aliphatic ammoniums are electrically insulating and 
not light absorbing. Ideally, one would like to replace such aliphatic ammoniums with functional 
organics, for example, conjugated oligomers that would absorb a complementary portion of the 
solar spectrum to that of the inorganic framework. This improved light absorption could 
potentially increase the current of 2D OIHP based solar cells. In fact, large conjugated oligomers 
(e.g., tetrathiophene, acenes) have been successfully incorporated into 2D OIHP, yet only with 
the n = 1 phase.
74,80,184
 For 2D OIHP with n = 2 to 5, which are much more relevant to 
photovoltaic applications, we are not aware of any successful attempts incorporating large 
conjugated oligomers. Nevertheless, quite some progress has been made with 2D OIHP based on 
phenylethylammonium (C6H5-CH2CH2-NH3
+
, PEA), perhaps the simplest conjugated aromatic 
containing ammonium cation. Even so, PEA-based 2D OIHP solar cells suffer from poor device 
performance
59,60
 or require a high n value (>10) of the 2D OIHP to achieve high 
performance
60,190,193
, which, as discussed earlier, is essentially a 3D perovskite.  As synthesis 
leads towards future incorporation of more complex conjugated oligomers, further investigation 
of PEA based 2D OIHP (n ≤ 5) – for example, as a model system to study the interaction 
between cations and its effect on the properties of 2D OIHP – is both fundamentally important 
61 
and technologically relevant. Particularly, chemical tuning of PEA and its impact on the structure 
of 2D OIHP and the device performance of related solar cells become an interesting yet un-
explored direction. 
Here we show that the photovoltaic device efficiency of 2D OIHP based on PEA (n = 4) 
can be significantly improved to over 10% via selectively monofluorinating PEA at different 
positions of the aromatic moiety. Monofluorination of PEA is perhaps the smallest perturbation 
to the PEA-based spacer cation, which should not significantly change the molecule size or add 
additional optoelectronic functionalities. Therefore, we were not expecting significant change of 
the device efficiency. Nonetheless, we observe over 10% photovoltaic efficiency when 3-
fluorophenethylammonium (mF1PEA) or 4-fluorophenethylammonium (pF1PEA) was used as 
the organic cations in 2D OIHP based solar cells. In contrast, the efficiency of solar cells based 
on 2-fluorophenethylammonium (oF1PEA) was less than 1%. We find the observed significant 
difference in efficiency can be explained by considering three key properties of the 2D OIHP 
films: phase distribution, surface morphology and crystal orientation, all of which are 
significantly affected by the chemical nature of the fluorinated PEA (i.e., position of 
fluorination). To further understand how the organic cation would affect the structure of these 
2D OIHP, analysis of single crystals of 2D OIHP (n = 1) with these fluorinated PEA cations 
reveals that all crystals have a similar inorganic framework structure, yet very different organic 
cation packing arrangements; the crystals with significant orientational disorder of the organic 
cations yield poor device performance. Combined with density functional theory (DFT) 
calculations, we find the differences in formation energies of these compounds correlate well 
with variations in packing and disorder of the spacer cations. It appears that having a more 
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favorable formation energy and less crystallographic disorder are beneficial for the device 
performance of these 2D OIHP based solar cells.  
 
3.2 Photovoltaic Device Performance 
We chose lead iodide based 2D OIHP with nominal n = 4 average composition as the 
active layer for our solar cells (Figure 3.1a), since 2D OIHP (n = 4) with butylammonium (BA) 
have shown the highest photovoltaic efficiency (over 12%).
48-50
 Four structurally-related large 
organic cations were employed to construct the 2D OIHP: phenethylammonium (PEA), 2-
fluorophenethylammonium (oF1PEA), 3-fluorophenethylammonium (mF1PEA) and 4-
fluorophenethylammonium (pF1PEA) (Figure 3.1b, Figure A3.1). In this study, we used a p-i-n 
planar structure with PEDOT:PSS as the hole transport layer and PCBM as the electron transport 
layer (Figure 3.1c). This device structure gave rise to a facile device fabrication condition and 
small hysteresis (Figure A3.2) compared to previous work.
59,60
 Surprisingly, although these 
cations do not contribute to charge transport or light absorption, they significantly influence the 
photovoltaic device performance. For example, we achieved an efficiency of 7.64% with small 
hysteresis for devices with PEA (Figure 3.1d and Table 3.1). This efficiency is comparable to or 
higher than literature values.
59,60
 When mF1PEA or pF1PEA were used instead of PEA, all key 
device characteristics – open circuit voltage (Voc), short circuit current (Jsc) and fill factor (FF) – 
were noticeably improved, resulting in higher efficiency values (over 10%) (Figure 3.1d and 
Table 3.1). However, if oF1PEA was employed, the photovoltaic device showed very poor 
efficiency values (<1%). We observe hysteresis with our devices (Table 3.1 and Figure A3.2), 
but all devices maintain consistent efficiency under constant illumination and at maximum power 
point (Figure 3.1f). 
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Figure 3.1. 2D OIHP with PEA fluorinated at different positions and characterization of their 
photovoltaic devices: a, crystal sketch of PEA based 2D perovskite (n = 4); b, molecular 
structures of PEA and its fluorinated derivatives in this study; c, planar p-i-n solar cell 
architecture; d, current-density-voltage (J-V) curves (forward scan) under 1 sun condition 
(AM.1.5G) with a solar simulator; e, external quantum efficiency (EQE) as a function of 
wavelength; f, device performance tracking under constant illumination and at maximum power 
point. 
Table 3.1. Photovoltaic device performance of 2D OIHP based on PEA and fluorinated PEAs 
Cation scan direction Jsc (mA/cm2) Voc (V) FF (%) η (%) 
PEA 
forward 12.74±0.88 0.962±0.045 62.2±1.7 7.64±0.88 
reverse 12.69±0.77 0.947±0.030 66.9±1.7 8.05±0.84 
oF1PEA 
forward 1.89±0.63 0.519±0.049 49.5±1.7 0.50±0.21 
reverse 2.48±0.61 0.674±0.040 47.1±7.4 0.79±0.24 
mF1PEA 
forward 14.63±0.98 1.108±0.008 62.6±2.1 10.17±0.95 
reverse 14.56±1.03 1.097±0.009 52.4±2.1 8.38±0.86 
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pF1PEA 
forward 15.16±0.78 1.106±0.009 62.1±1.5 10.41±0.70 
reverse 15.48±0.87 1.108±0.007 66.3±1.2 11.38±0.74 
 
3.3 Phase Distribution, Surface Morphology and Crystal Orientation  
We first characterized the absorption of each film to investigate the differences in light 
absorption and film composition, which could account for the observed difference in device 
performance. For each film, we observed several excitonic peaks (Figure 3.2a), corresponding to 
a distribution of perovskite phases with different n. This observation indicates that there are 
multiple perovskite phases in these 2D OIHP films having a nominal n = 4; such multi-phase 
behavior has been observed previously with similar 2D OIHP with other cations (e.g., 
BA).
55,120,123,163
 However, there are subtle differences when comparing these absorption spectra. 
For example, the absorbance of n = 1 phase in pF1PEA based 2D OIHP is weaker than the 
corresponding n = 1 phase in other 2D OIHPs in this series, while the 3D perovskite absorption 
in mF1PEA or pF1PEA based 2D OIHP was stronger than those in PEA and oF1PEA 2D 
OIHPs. These results indicate that the relative distribution of 2D phases having different n values 
in each film is different. Nevertheless, the overall light absorption of each film is similar in terms 
of the intensity and peak position, thus the light absorption cannot be the key reason to explain 
the large performance difference in photovoltaic devices.  
We further conducted photoluminescence (PL) of each film from both back (glass) side 
and front (air) side as shown in Figure 3.2b and 2c. For PEA, mF1PEA or pF1PEA based 2D 
OIHP, PL signals from 2D perovskite phases with different n values are clearly visible when 
excited from the substrate side (i.e., back side) (Figure 3.2b). However, when excited from the 
air side (i.e., front side), signals from these 2D perovskite phases (n = 1, 2, 3 etc.) are much 
weaker, and the spectrum is essentially dominated by the PL from the 3D perovskite phase. 
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These observations indicate a vertical phase distribution of multiple 2D perovskite phases, where 
phases having smaller n values dominate on the side of the substrate while phases with higher n 
or 3D appear more on the air side. As suggested by others, this sequential phase distribution 
could benefit charge transfer (and/or energy transfer) across the film (Figure A3.3a), which has 
been cited as a major feature to account for the observed high photovoltaic efficiency of these 2D 
OIHP based solar cells.
55,120,123,163,178,194
 However, for oF1PEA 2D OIHP, we only observed a 
strong and dominating PL peak from the 3D perovskite phase for both back side excitation and 
the front side (Figure 3.3b and 3c). This indicates that all the excitons from the 2D phases in the 
oF1PEA 2D OIHP film would have the opportunity to transfer to the nearby 3D phases. The lack 
of the vertical phase separation in the oF1PEA 2D OIHP film would result in charge trapping at 
the small band gap phases (schematically shown in Figure A3.3b) and lower the Jsc and FF of 
the corresponding photovoltaic device. We believe this is one of the reasons to account for the 
extremely poor photovoltaic device performance of 2D OIHP based on oF1PEA. 
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Figure 3.2. Optical properties of 2D perovskite films: a, UV-vis absorption; b, normalized 
photoluminescence from back side, and c, from front side. Numbers and arrows indicate signals 
from different phases.  
We next investigated the film surface morphology by scanning electron microscope 
(SEM) (Figure 3.3). While PEA 2D OIHP film is quite uniform with some visible pinholes, the 
oF1PEA 2D OIHP film is very rough and discontinuous. This undesirable surface morphology of 
the oF1PEA 2D OIHP film could lead to partially shorting of the device or bad contact between 
the electrodes (including interfacial layers) and the perovskites film, leading to inferior device 
performance (e.g., low Voc, FF). In contrast, both mF1PEA and pF1PEA 2D OIHP films are 
uniform without pinholes which is consistent with the high device performance we achieved. 





Figure 3.3. Surface morphology of 2D perovskite films. SEM images of 2D perovskite films 
based on (a) PEA, (b) oF1PEA, (c) mF1PEA and (d) pF1PEA. 
 
In addition to phase distribution and surface morphology, crystal orientation was also 
reported to be an important factor that can remarkably affect the device performance due to the 
anisotropic nature of 2D OIHP.
48,151,195
 To investigate the crystal orientation, we first performed 
a thin film X-ray diffraction (XRD) experiment shown in Figure 3.4a. In the XRD profiles, we 
observed peaks of strong intensity around 14.2° and 28.5° in all samples, consistent with 
previous work on similar 2D OIHP films.
48,59
 Since our films contain multiple phases (both 2D 
and 3D phases) and these two peaks (14.2° and 28.5°) are present in XRD data for both 3D and 
2D perovskites, they can either be labelled as (110) and (220) based on 3D perovskite 
structure
48,58
 or (111) and (202) based on 2D perovskite structure.
196
 Here we labelled them as 
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(110) and (220) for our discussion. The absence of XRD peaks below 10° in PEA or pF1PEA 2D 
OIHP films indicates that these two films do not have many 2D perovskite crystalline phases 
with the inorganic layers parallel to the substrate.
195,197
 In contrast, a family of peaks from 2D 
phase(s) are strongly visible in the oF1PEA 2D OIHP film. Based on our single crystal test (vide 
infra), these peaks belong to the (002) family of peaks from n = 1 phase. For the mF1PEA 2D 
OIHP film, the XRD diffraction pattern is more complex: while it has the (002) family of peaks 
from 2D phase, its intensity is much weaker than the intensity of the (110) peak. This indicates 
that there are 2D phases with the inorganic layers parallel to the substrate. We will discuss the 
crystal orientation further with GIWAXS (vide infra). In addition to the different peak intensity 
for each film, the full-width at half-maximum (FWHM) for both the (110) and (220) peaks of all 
four samples are plotted in Figure 3.4b. In sharp contrast with other films, the FWHMs of 
oF1PEA 2D OIHP are larger than those of the rest. This suggests that the crystallinity of the 
oF1PEA 2D OIHP film is much worse than the other three films. This further explains the low 
photovoltaic performance of oF1PEA 2D OIHP.  
 
Figure 3.4. XRD patterns of 2D perovskite films with PEA and fluorinated PEAs: a, XRD of 
different 2D perovskite films; b, FWHM of peak (110) and (220) in different films. The orange 
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(00l) peak indexes are corresponding to the n = 1 phase; (110) and (220) peaks can exist in both 
2D and 3D perovskite phases.  
 
While the XRD characterization of thin films offers the out-of-plane crystal orientation as 
a bulk average, grazing incidence wide angle X-ray scattering (GIWAXS) elucidates all 
directions of orientation for a specific depth from the surface of the film, attributed to the angle-
dependent experiment
198
 (ca. Figure 3.5 and Figure A3.4 in the supporting information). A 
lower X-ray incident angle GIWAXS experiment, for example, 0.18°, allows to acquire the 
diffraction data from the top few nanometers of the 2D OIHP films (Figure 3.5, left column), 




First of all, as a whole, our GIWAXS data for PEA, mF1PEA or pF1PEA based 2D 
OIHP films clearly show strong, sharp and discrete Bragg spots, indicating a textured film in 
each case (see Figure A3.4 for full GIWAXS patterns). Not surprisingly, the oF1PEA 2D OIHP 
film exhibits diffraction rings, suggesting no preferred orientation of crystallites.
48
 Therefore, the 
smaller crystallites in the oF1PEA 2D OIHP film must be randomly distributed without a 
particular preferred orientation. This random phase distribution would hinder the charge 
transport across the film, and thus, it further explains the low device performance (e.g., low Jsc 
and FF). Secondly, we investigate the presence of unique 2D perovskite signatures in the 
GIWAXS patterns in all 2D OIHP films. Venkatesan et al. have shown that 2D OIHP films 
exhibit diffraction peaks less than 10 nm
-1
 because the spacings associated with the low-Q peaks 
are only possible when the larger cations are present in the system.
197
 Similar to their findings, at 
the incident angle = 0.18°, the oF1PEA (Figure 3.5b) and mF1PEA (Figure 3.5c) 2D OIHP 
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films show clear signals for the n = 1 2D phase around Qz = 4 nm
-1
, as indicated by the white 
arrows and indices. The oF1PEA 2D OIHP film has an additional peak around Qz = 4.8 nm
-1
, 
which can be assigned to n = 3 (Figure 3.5b, orange arrow and index). In sharp contrast, we do 
not observe any uniquely 2D perovskite peaks (no clear spots or arcs located at Q < 10 nm
-1
) in 
the PEA (Figure 3.5a) and pF1PEA (Figure 3.5d) 2D OIHP films when probed at the same 
0.18° incident angle. This observation of unique low-Q features in GIWAXS directly 
corroborates with the XRD findings where oF1PEA and mF1PEA 2D OIHP films show low 2θ 
peaks. 
Finally, to understand the vertical distribution of these 2D phases in the 2D OIHP films, 
we probed all these films with higher incident angle (1°, Figure 3.5e-h). Interestingly, under this 
condition, the PEA (Figure 3.5e) and pF1PEA (Figure 3.5h) 2D OIHP films do show 2D 
perovskite peaks at Q < 10 nm
-1
. In fact, such 2D perovskite peaks in the case of the mF1PEA 
2D OIHP film (Figure 3.5g) are now even stronger at this higher incident angle. While a few 
peaks for the pF1PEA 2D OIHP film (Figure 3.5h, red arrows) could not be assigned to any n 
value, these peaks are still at a Q < 10 nm
-1
, suggesting that there might be higher n 2D phases 
(e.g., n = 4) than n = 1 and 3. The stronger intensity of 2D perovskite patterns in PEA, mF1PEA 
and pF1PEA 2D OIHP films under larger incident angle indicate that there exists a mixture of 
2D phases of different n values, and their concentrations are higher towards the back of the films. 
On the other hand, the oF1PEA 2D OIHP film (Figure 3.5f) exhibits no obvious changes when 
probing at the higher angle, indicating that oF1PEA perovskite film has a more random phase 
distribution. These results from GIWAXS for 2D OIHP with different cations strongly agrees 
with the different phase distribution probed by the prominent PL spectra as discussed earlier 




Figure 3.5. GIWAXS patterns of 2D perovskite films with PEA and fluorinated PEAs under 
different incident angles: GIWAXS patterns of (a, e) PEA, (b, f) oF1PEA, (c, g) mF1PEA and (d, 
h) pF1PEA 2D OIHP films probing at two different X-ray incident angles; left column (a-d) 
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shows patterns acquired at incident angle = 0.18°, probing a few nanometers of the perovskite 
films from the front (air) interface, and right column (e-h) shows patterns acquired at incident 
angle = 1°, probing more into the bulk of the films. Arrows and their indices indicate distinct 
peaks from 2D phases: white and orange arrows show n = 1, and n = 3, and red arrows indicate 
peaks which are possibly due to the higher n values such as n = 4. Peaks were indexed by 
comparing the GIWAXS experimental patterns to a set of simulated diffraction patterns using 
CrystalDiffract
®
 (Version 6.7.3) 
 
3.4 Orientational Disorder from Single Crystal Analysis  
To further understand how different organic cations impact the structure and texture of 
these 2D OIHP films, we grew single crystals of 2D perovskites (n = 1) with each of these four 
different cations, following a procedure previously reported.
134,139
 Though each 2D OIHP film 
analyzed in this study contains multiple phases (e.g., n = 1, 2, 3, 4, etc.), we chose to synthesize 
and study single crystals of the n = 1 phase for two reasons. First, the n = 1 phase is the 
fundamental building unit towards higher n number 2D phases (n = 2, 3, 4, etc.). Only containing 
the [PbI6] octahedra and the large cation (i.e., no MA), the crystal structure of the n =1 phase 
allows us to focus on the interaction among these inorganic octahedra and organic cations. 
Second, the n = 1 phase can be reliably grown as a pure single crystal with the least amount of 
dynamic disorder of organic cations or with lamellar disorder; therefore, the analyzed structure 
can serve as the structural input for density functional calculations (DFT). Therefore, we 
synthesized 2D perovskite single crystals with n = 1 (i.e., PEA2PbI4, oF1PEA2PbI4, 
mF1PEA2PbI4, pF1PEA2PbI4) and focused on the interaction of different species within the 
crystal, in particular, these large cations.  
73 
 
Single crystal structural models reveal that all three monofluorinated PEA based 2D 
crystals are composed of sheets of corner-sharing [PbI6] octahedra that are separated by the 
organic cations (Figure 3.6 b-d, f-h, Figure A3.1, Figure A3.2,), similar to that seen in the 
PEA2PbI4 2D crystal previously reported (Figure 3.6a, e).
93
 Two of the 2D OIHP crystals, 
pF1PEA2PbI4 and mF1PEA2PbI4, are isostructural to their Sn analogues (4-FPEA)2SnI4 and (3-
FPEA)2SnI4, while oF1PEA2PbI4 adopts a lower symmetry structure (space group P1̅) owing to a 
different packing motif of the organic molecules in the interlayer gallery.
200
 The location of the 
fluorine atom on the PEA (ortho, meta, para) leads to changes in the packing of the bulky 
organic cations relative to one another with varying degrees of structural disorder. For instance, 
the packing of pF1PEA2PbI4 has the cations within the interlayer gallery facing the same 
direction in a co-aligned fashion (Figure 3.6d, h), which is consistent with the structure reported 
earlier.
200,201
 The structure is fully ordered with no split atomic sites, indicating registry between 
neighboring layers is retained throughout the structure.
201
 On the other hand, mF1PEA2PbI4 has a 
different packing motif: within a single layer of the organic interlayer gallery, neighboring 
aromatic moieties are rotated relative to one another to generate a herringbone configuration 
(Figure 3.6c). Another significant difference between mF1PEA2PbI4 and pF1PEA2PbI4 is the 
presence of split axial iodine atomic positions and consequentially a splitting of the ammonium 
groups on the mF1PEA cations; attribution of this disorder and a logical construction of the 
idealized configuration is described in the Supplemental Information. This disorder is similar to 
that observed in (3-FPEA)2SnI4
200
 where the splitting of sites was attributed to loss of registry 
between inorganic sheets within the material. Lastly, oF1PEA2PbI4 has yet another packing motif 
that is similar to PEA2PbI4. Within the organic interlayer gallery, the organic cations in the top 
layer are co-aligned facing the same direction (Figure 3.6b), but the neighboring bottom-most 
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layer cations are then rotated ~90° relative to the top-most layer (Figure 3.6f). Additionally, the 
crystal structure of oF1PEA2PbI4 reveals a lack of ordering of the organic bilayer perpendicular 
to the planes (Figure A3.8). This is different from PEA2PbI4, which does have ordering of the 
organic cations. This indicates that oF1PEA2PbI4 has the most orientational disorder of the three 
monofluorinated PEA based 2D crystals. Therefore, we propose that during the film formation of 
the oF1PEA based 2D OIHP film, the lack of ordering of the organic bilayer will cause the 
formation of small crystal domains and may also play a part in why the film morphology and 
subsequent device performance was so drastically lower than either PEA, pF1PEA, or mF1PEA 
perovskite films. We will further quantify this difference through the formation energy 
difference conducted by DFT calculation (vide infra). 
 
Figure 3.6. Single crystal structures of 2D perovskite (n = 1) with different cations and their 
relative formation energy. Idealized crystal structures showing the different ordering of organic 
cations within a single layer for PEA (a) (this structure was redrawn based on the work reported 
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by Du et al),
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 oF1PEA (b), mF1PEA (c), and pF1PEA (d). Idealized crystal structures showing 
the different packing arrangements within the organic interlayer gallery for PEA (e), oF1PEA (f), 
mF1PEA (g), and pF1PEA (h).  
 
3.5 DFT Calculations 
The analyzed structures of n = 1 2D crystals allow us to conduct DFT calculations of the 
formation energies of these n = 1 perovskites (i.e., the total energy difference between the final 
perovskite structure and the starting aryl-ammonium iodide and lead iodide).
60
 The relative 
formation energies are shown in Figure 3.7. For mF1PEA2PbI4 and pF1PEA2PbI4, their 
formation energies are close, and more favorable towards the formation of the n = 1 2D crystal 
than that of PEA2PbI4; in contrast, the formation energy of oF1PEA2PbI4 is the least favorable. 
Indeed, the trend of the calculated formation energy is consistent with the quality of crystals 
(e.g., the crystal size and visible defects) we obtained (pF1PEA2PbI4 ≈ mF1PEA2PbI4 > 
PEA2PbI4 >> oF1PEA2PbI4, Figure A3.5). This trend also follows the trend observed in the 
structural transition enthalpy determined by differential scanning calorimetry (DSC) reported by 
Li et al.,
139
 indicating that this simulated formation energy trend is in agreement with 
experiments. In addition, the relatively unfavorable formation energy of oF1PEA2PbI4 can also 
lead to the most disordered crystal structure among these four crystals which – again – agrees 
with the single crystal structure discussed earlier. Finally, this formation energy trend also 
matches the device performance we observed. Therefore, we propose that this different 
formation energy is likely what leads to the different film properties in our study in three aspects. 
First, with a more favorable formation energy (e.g., pF1PEA2PbI4 in Figure 3.7), it is relatively 
easy to form large domains and results in a more compact film. For the unfavorable formation 
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energy of oF1PEA2PbI4, there is an orientational degeneracy of the dipole formed by the fluorine 
substitution leading to crystallographic disorder; therefore, macroscopic defects are more likely 
to form and lower the device performance. Second, it has been reported that the driving force to 
form 2D perovskite with smaller n value is larger.
60
 We propose that during the film formation 
following our fabrication procedure, the back side (i.e., glass side) of the film was heated first 
and quickly accumulated with the formation of the phase with small n values. Because of the 
formation of small n phases, the stoichiometric ratio of the precursor would shift to a phase with 
an even larger n value. As a result, the ordered phase distribution with small n value phase at the 
bottom (glass side) and larger n value phase on the top (air side) were formed. In the case of 
oF1PEA2PbI4, the formation energy is less favorable than those of the rest, which could hinder 
the quick formation small n phase at the early stage. As a result, the unfavorable disordered 
phase distribution would occur in the oF1PEA perovskite film. Last, the small crystal domain 
and random orientation in oF1PEA perovskite films caused by the unfavorable formation energy 
and highly disordered crystal structure would further hinder the device performance. Meanwhile, 
it is worth noticing that the inorganic frameworks (i.e., the Pb-I layer) in these crystals are almost 
identical (e.g., bond length, Pb-I-Pb angle, etc., Table A3.4). Therefore, the main difference 
among these crystals must be from the packing of the organic layers (i.e., packing between PEA 
or F1PEA). For 2D perovskite phases with a higher n value the organic spacer layers will retain 
the same orientational preferences due to the shapes of the fluorinated molecules, even with 
slight differences in octahedral tilting; therefore, we propose that the trends in formation energy 
of n = 1 phases are representative of all compounds with n > 1. Furthermore, given the only 
difference among these cations is the substitution position of the fluorine (or no fluorine in the 
case of PEA), we believe that the noncovalent interaction, for example, dipole interaction 
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between these large cations, will highly influence the film properties and therefore, result in 
different device performance. 
 
Figure 3.7. Relative formation energy difference between different 2D perovskites (n = 1). 
 
3.6 Conclusion 
In summary, we discovered that the photovoltaic device performance of 2D OIHP can be 
significantly impacted by the spacer cation chemistry and packing, as established by a seemly 
negligible change in the position of monofluorination on the PEA cation. In the studied series of 
2D OIHP films (PEA, oF1PEA, mF1PEA and pF1PEA), the pF1PEA based 2D OIHP showed 
the highest efficiency of over 11%, followed by mF1PEA (over 10%), PEA (over 7%), and 
oF1PEA (less than 1%). Through an orchestra of experiments, we have identified possible causes 
to account for the observed difference in device performances. First, all these films contain 
multiple 2D phases (n = 1, 2, 3, 4, etc.) and 3D phases, yet the distribution of these phases are 
different for each 2D OIHP film in this study. While three OIHP films (PEA, mF1PEA and 
pF1PEA) show more or less a vertical phase distribution where the small n phases accumulated 
near the substrate and 3D phases near the surface of the film, the oF1PEA OIHP film only shows 
a rather random distribution of 2D phases. Second, the surface of oF1PEA OIHP film is very 
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rough and discontinuous, which is undesirable for solar cells. Third, the crystallites in the 
oF1PEA OIHP film are small and randomly distributed without particular preferred orientation.  
Taking one step further, the single crystal structures of related n = 1 2D OIHP and DFT 
calculation establish the rules for packing of these substituted organic cations, which results in 
various degrees of orientational order and disorder, as predicted by the formation energy. These 
differences could be caused by the organic cation interactions (e.g., dipole-dipole interactions), 
which is likely the fundamental reason for the observed photovoltaic device differences among 
these different PEA cations based 2D OIHP films.  
However, more rigorous and quantitative experiments are still needed to fully understand 
these 2D OIHP as new materials for solar cells, including the relative amount of different phases 
across the film, indexing of all the X-ray diffraction patterns and the crystal orientation 
distribution across the entire film, among others. Furthermore, PEA based cations still lack the 
optoelectronic functions to realize a “true” organic-inorganic hybrid material; as such, more 
complex conjugated cations are needed to be embedded into 2D perovskites. Nevertheless, our 
study offers an example where chemical modification of organic cations, device performance, 
film morphology and crystallography are integrated to derive the structure-properties 
relationships. Such relationships for how weak and cooperative interactions can yield 
macroscopic differences in performance provide a guide for the design of new materials with 
desirable properties for functional devices; chemistry, e.g., design of new molecules and 
understanding the intermolecular interactions, will play an essential role in further development 




3.7 Experimental Section 
Deposition of Perovskite Films 
The precursor solution was made by dissolving PEAI (or oF1PEAI, mF1PEAI, 
pF1PEAI), MAI and PbI2 (99.9985%, from Alfa Aesar) in DMF (from Sigma-Aldrich) with the 
molar ratio of PAI:MAI:PbI2=2:3:4 and stir for at least 60 mins. The concentration of Pb
2+
 is 1 
M. The 2D perovskite film was spin-coated at 5000 rpm for 20 s from the precursor solution on a 
substrate and then the resulting film was quickly transferred to a hot plate at desired temperature 
(65 °C for pF1PEA and 40 °C for the rest) to anneal 30 s. The spin-coating process was done in 
an ambient condition with a relative humidity around 10-45%. 
Device Fabrication and Characterization 
Glass substrates coated with patterned indium doped tin oxide (ITO) (Thin Film Devices, 
Inc with a resistivity of 20 Ω/□) were ultrasonicated in deionized water, acetone and 2-proponal 
for 15 minutes each sequentially. The substrates were dried under a stream of nitrogen and 
subjected to the treatment of UV-Ozone for 15 min. PEDOT:PSS in water (Clevios™ P VP AI 
4083 from Heraeus) filtered by 0.45 µm PVDF filter was then spun cast onto cleaned ITO 
substrates at 4000 rpm for 60 s and then baked at 130 °C for 15 min in air to give a thin film with 
a thickness of 40 nm. Then the perovskite film was coated on top of the PEDOT:PSS as 
previously mentioned. After cooling down, the [6,6]-Phenyl C61 butyric acid methyl ester 
(PCBM) was spin-coated on top at 2000 rpm for 30 s from a PCBM solution in chloroform with 
a concentration of 13.3 mg/ml in a N2 filled glovebox. The film was heated at 80°C for 15 mins. 
After cooling down, a bathophenanthroline solution in ethanol with a concentration of 0.7 mg/ml 
was spin-coated on PCBM layer at 4000 rpm for 30s. Then 50 nm Aluminum was thermally 
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evaporated as the metal electrode at a base pressure of 2 × 10
-6
 mbar. The active area was 0.13 
cm
2
, controlled by shadow mask.  
Device characterization was carried out under AM 1.5G irradiation with the intensity of 
100 mW/cm
2
 (Oriel 91160, 300 W) calibrated by a NREL certified standard silicon cell. Current 
density versus voltage (J-V) curves were recorded with a Keithley 2400 digital source meter. The 
scan rate is 50 mV/s. External quantum efficiency (EQE) were detected under monochromatic 
illumination (OrielCornerstone 260 1/4 m monochromator equipped with Oriel 70613NS QTH 
lamp), and the calibration of the incident light was performed with a monocrystalline silicon 
diode (Model No.: Newport 71580). The final performance average values and standard 
deviations are deduced from eight devices. 
Grazing Incidence Wide Angle X-ray Scattering (GIWAXS) 
The GIWAXS patterns were collected at beamline 7.3.3 at the Advanced Light Source in 
Lawrence Berkeley National Laboratory.
202
 The incident X-ray energy was 10 keV while the 
detector was a Pilatus 2M. The patterns were corrected, axis-labeled, and colored as shown using 
Igor Pro and a modified version of the NIKA package.
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Single Crystal Growth 
To synthesize the single crystals, 26.4 mg PbI2 and 28.6 mg PEAI (for oF1PEAI, 
mF1PEAI or pF1PEAI, 30.7 mg ammonium iodide was used) were dissolved in 57wt% 
stabilized HI (Alfa Aesar) at 95 ˚C. For pF1PEAI, 1.5 ml HI was needed to fully dissolved, and 
for the rest, 1 ml was enough. This difference is likely due to the different formation energy of 
these perovskites. The solution was slowly cooled down at 1 ˚C/h to room temperature. The 
solids were filtered and washed with plenty of ethyl ether. 
Single Crystal X-Ray diffraction (SCXRD) 
81 
 
SCXRD data for pF1PEA, mF1PEA, and oF1PEA were collected at room temperature 
using a Bruker D8 Quest ECO diffractometer equipped with a microfocus Mo K radiation source 
and Photon 50 CMOS half-plate detector. Single crystals were mounted onto a glass fiber with 5-
minute epoxy. Bruker SAINT was used for integration and scaling of collected data and 
SADABS (multi-scan) was used for absorption correction. Starting models for the three 
compounds were generated using the intrinsic phasing method in SHELXT.
204
 SHELXL2014 
was used for least-squares refinement.
205
  Structures, including disorder, based on electron 
densities are provided, as well as idealized supercells without disorder based on chemically-





Chapter 4 TWO-DIMENSIONAL ORGANIC-INORGANIC HYBRID PEROVSKITE 
WITH MIXED PHENYLETHYLAMMONIUM AND MONOFLUORINATED 
PHENYLETHYLAMMONIUM CATIONS FOR ENHANCED SOLAR CELL 
EFFICIENCY AND STABILITY 
 
4.1 Introduction  
In Chapter 3, we have shown that with selective fluorination of PEA, 2D perovskite 
solar cells with a small n value (n = 4) can achieve an efficiency over 10%, significantly higher 
than what is previously reported for 2D perovskite based on phenylethylammonium (= 
C6H5(CH2)2NH3
+
, PEA). In spite of the significant improvement, device efficiency of 2D 
perovskite based on PEA and its derivatives are still much lower than that of 2D perovskites 
based on aliphatic ammoniums (e.g., n-butylammonium, BA) which have reach more than 
12%.
48-50
 As discussed in Chapter 3, the device performance of 2D perovskite solar cells are 
directly related to the film properties such as surface morphology, phase distribution and crystal 
orientation. Because of the similarity of the inorganic frameworks, all these film properties are 
mainly decided by the organic spacer cations. In the case of PEA and monofluorinated 
phenylethylammonium (F1PEA), it is the fluorine-induced dipoles that this results in 
orientational degeneracy and thus disorder for the meta- and ortho-substituted compounds. This 
disordering correlates with less-favorable formation energies calculated from density functional 
theory and inferior film properties and device performance. Therefore, it is interesting to know 
whether the device performance can be further improved by tuning the interaction between the 
organic spacer cations. One of the most straightforward way is to design and synthesize new 
PEA derivatives, which requires large synthetic efforts. On the other hand, tuning the organic 
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interaction by mixing different cations (e.g., mixing PEA and F1PEA cation or mixing two 
F1PEA cations in 2D perovskites) can be another effective way and the result is of great interest. 
In this chapter, we demonstrate that solar cell efficiency of 2D perovskite can be 
significantly improved by using two organic cations. The highest efficiency over 12% can be 
achieved using PEA and pF1PEA as spacer cations. Furthermore, the device stability of 2D 
perovskite with mixed cations is much better than those with single cations. We proposed that 
with two cations, the structure tolerance could be improved which might decrease defects in 2D 
perovskite structure and results improved device efficiency and stability. This work provides 
another approach besides designing new organic cations to improve 2D perovskite solar cell 
performance and stability. 
 
4.2 Photovoltaic Device Performance 
We chose lead iodide based 2D OIHP with nominal n = 4 average composition as the 
active layer and p-i-n device structure for our solar cells as what we did in Chapter 3. Four large 
organic cations were employed to construct the 2D OIHP: phenethylammonium (PEA), 2-
fluorophenethylammonium (oF1PEA), 3-fluorophenethylammonium (mF1PEA) and 4-
fluorophenethylammonium (pF1PEA). Therefore, six combinations with 1:1 ratio of these 
cations were employed in 2D perovskite solar cells: PEA and oF1PEA (PEA/oF1PEA), PEA and 
mF1PEA (PEA/mF1PEA), PEA and pF1PEA (PEA/pF1PEA), oF1PEA and mF1PEA 
(oF1PEA/mF1PEA), oF1PEA and pF1PEA (oF1PEA/mF1PEA), mF1PEA and pF1PEA 
(mF1PEA/mF1PEA). 
Most of the devices based on mixed cations achieved decent solar cell efficiency as 
shown in Figure 4.1 and Table 4.1. For example, 2D perovskite based on PEA and pF1PEA 
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achieved the highest solar cell efficiency of 12% which is among the highest 2D perovskite solar 
cell efficiency. In addition, 2D perovskite based on PEA and mF1PEA or oF1PEA and mF1PEA 
or mF1PEA and pF1PEA also have a good efficiency around 10%. The efficiency of 2D 
perovskite based on oF1PEA and mF1PEA is slightly lower, at 8.12%. Nevertheless, this 
efficiency is still higher than that of 2D perovskite based on PEA (7.64%). In addition, it’s worth 
to noting that the Voc of this cation combination is higher than the Voc of the rest, which could 
probably lead to potential applications. The only cation combination leads to a low efficiency is 
PEA and oF1PEA, which has an efficiency of 3.59%. However, considering the low efficiency 
of 2D perovskite only containing oF1PEA (0.50%), this efficiency is much improved. 
 
Figure 4.1. Characterization of photovoltaic devices of 2D OIHP with mixed PEA based cations: 
current-density-voltage (J-V) curves (forward scan) under 1 sun condition (AM.1.5G) with a 
solar simulator of 2D perovskite based on PEA and F1PEA mixed cations (a) and two F1PEA 
mixed cations (d). External quantum efficiency (EQE) as a function of wavelength of 2D 
perovskite based on PEA and F1PEA mixed cations (b) and two F1PEA mixed cations (e). 
Device performance tracking under constant illumination and at maximum power point of 2D 
perovskite based on PEA and F1PEA mixed cations (c) and two F1PEA mixed cations (f). 
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) Voc (V) FF (%) η (%) 
PEA/oF1PEA 
forward 
8.18±0.50 0.955±0.092 46.1±2.5 3.59±0.27 
reverse 
8.07±0.54 1.008±0.040 58.5±2.0 4.75±0.18 
PEA/mF1PEA 
forward 
15.65±0.69 1.117±0.013 59.7±2.7 10.45±0.75 
reverse 
15.67±0.76 1.084±0.013 59.6±1.9 10.13±0.62 
PEA/pF1PEA 
forward 
16.90±0.79 1.109±0.007 64.0±1.0 12.00±0.69 
reverse 
16.99±0.69 1.111±0.009 62.9±1.7 11.89±0.77 
oF1PEA/mF1PEA 
forward 12.02±0.48 1.185±0.004 57.0±1.9 8.12±0.13 
reverse 11.90±0.47 1.108±0.008 63.0±1.6 8.31±0.23 
oF1PEA/pF1PEA 
forward 15.76±0.22 1.100±0.008 55.5±2.6 9.61±0.49 
reverse 15.84±0.25 1.118±0.006 56.9±2.2 10.08±0.40 
mF1PEA/pF1PEA 
forward 16.29±0.60 1.075±0.007 57.5±2.1 10.07±0.63 
reverse 16.15±0.67 1.118±0.003 59.6±2.3 10.77±0.74 
 
 One of the most important advantages of 2D perovskite is its improved stability 
compared to its 3D counterpart. Therefore, we tested the stability of our 2D perovskites with 
single or mixed cations except those based on oF1PEA or the combination of PEA and oF1PEA 
which showed very low device performance. As shown in Figure 4.2, we found that the stability 
of 2D perovskites with mixed cations were much better than those with single cations. All of 
them could maintain about 60% of the original efficiency after 30 days exposure. For 2D 
perovskite based on mF1PEA/pF1PEA, 73% of the original efficiency was achieved. On the 
other hand, 2D perovskite based on single cations like PEA or pF1PEA showed very poor 
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stability, 4% and 10% of the original efficiency maintained, respectfully. 2D perovskite based on 
mF1PEA is an exception which could maintain 60% efficiency. This is probably caused by the 
factor that there are more 2D phases closed to the surface as suggested by GIWAX (Figure xx). 
Overall, we observed a better device stability of 2D perovskites with mixed cations. 
 
Figure 4.2. Stability of unencapsulated 2D perovskite solar cells with single or mixed cations for 
30 days under 45% relative humidity.  
 
4.3 Optical properties 
We next characterized the absorption of each film to investigate the differences in light 
absorption and film composition, which could account for the observed difference in device 
performance. For each film, we observed several excitonic peaks (Figure 4.3.a), corresponding 
to a distribution of perovskite phases with different n. This observation indicates that there are 
multiple perovskite phases in these 2D OIHP films having a nominal n = 4 which is consistent 
87 
 
with the absorption of 2D perovskites with single cations (Figure 3.2a). More importantly, the 
overall light absorption of each film is similar in terms of the intensity and peak position, thus 
the light absorption cannot be the key reason to explain the large performance difference in 
photovoltaic devices.  
We further conducted photoluminescence (PL) of each film from both back (glass) side 
and front (air) side as shown in Figure 4.3.b, c. Except 2D perovskite based on PEA/oF1PEA, 
PL signals from 2D perovskite phases with different n values are clearly visible when excited 
from the substrate side (i.e., back side) (Figure 4.3.c). However, when excited from the air side 
(i.e., front side), signals from these 2D perovskite phases (n = 1, 2, 3 etc.) are much weaker, and 
the spectrum is essentially dominated by the PL from the 3D perovskite phase (Figure 4.3.b). 
These observations indicate a vertical phase distribution of multiple 2D perovskite phases, where 
phases having smaller n values dominate on the side of the substrate while phases with higher n 
or 3D appear more on the air side. As suggested by others, this sequential phase distribution 
could benefit charge transfer (and/or energy transfer) across the film (Figure. A3.3a), which has 
been cited as a major feature to account for the observed high photovoltaic efficiency of these 2D 
OIHP based solar cells.
55,120,123,163,178,194
 On the other hand, for PEA/oF1PEA 2D OIHP, we only 
observed a strong and dominating PL peak from the 3D perovskite phase for both back side 
excitation and the front side (Figure 4.3.b, c). This indicates that all the excitons from the 2D 
phases in the PEA/oF1PEA 2D OIHP film would have the opportunity to transfer to the nearby 
3D phases. The lack of the vertical phase separation in the PEA/oF1PEA 2D OIHP film would 
result in charge trapping at the small band gap phases (schematically shown in Figure. A3.3b) 
and lower the Jsc and FF of the corresponding photovoltaic device. We believe this is one of the 
reasons to account for the extremely poor photovoltaic device performance of 2D OIHP based on 
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PEA/oF1PEA. This observation is similar to the PL performance of 2D perovskite based on 
oF1PEA. 
 
Figure 4.3. Optical properties of 2D perovskite films: a, UV-vis absorption; b, normalized 
photoluminescence from front side, and c, from back side. Numbers and arrows indicate signals 
from different phases.  
 
4.4 Surface morphology 
We next investigated the film surface morphology by scanning electron microscope 
(SEM) (Figure 4.4). We found that all the films of 2D perovskite with mixed cations have a 
smooth and continuous surface morphology. Though we could observe that PEA/oF1PEA 2D 
perovskite had a few pinholes, the film quality if much better that those of PEA or oF1PEA 2D 
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perovskite. This could account for the improved device performance, especially the decent Voc 
(>1 V) by avoiding shorting.  
 
Figure 4.4. Surface morphology of 2D perovskite films. SEM images of 2D perovskite films 
based on (a) PEA/oF1PEA, (b) PEA/mF1PEA, (c) PEA/pF1PEA, (d) oF1PEA/mF1PEA, (e) 
oF1PEA/pF1PEA, (f) mF1PEA/pF1PEA. 
 
4.5 Crystal orientation 
 In addition to phase distribution and surface morphology, crystal orientation was also 
reported to be an important factor that can remarkably affect the device performance due to the 
anisotropic nature of 2D OIHP.
48,151,195
 To investigate the crystal orientation, we first performed 
a thin film X-ray diffraction (XRD) experiment shown in Figure 4.5. In the XRD profiles, we 
observed peaks of strong intensity around 14.2° and 28.5° in all samples, consistent with 
previous work on similar 2D OIHP films.
48,59
 Since our films contain multiple phases (both 2D 
and 3D phases) and these two peaks (14.2° and 28.5°) are present in XRD data for both 3D and 
2D perovskites, they can either be labelled as (110) and (220) based on 3D perovskite 
structure
48,58
 or (111) and (202) based on 2D perovskite structure.
196
 Here we labelled them as 
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(110) and (220) for our discussion. In all cation combinations except PEA/oF1PEA, XRD peaks 
below 10° are either absent or relatively weak. This indicates that these films do not have many 
2D perovskite crystalline phases with the inorganic layers parallel to the substrate.
195,197
 This 
vertical crystal alignment is beneficial for charge transport because of the high mobility along the 
inorganic sheets. In contrast, a family of peaks from 2D phase(s) are strongly visible in the 
PEA/oF1PEA 2D OIHP film which indicates a horizontal crystal alignment. This horizontal 
crystal alignment could lead to low Jsc and FF, which has reported in the oF1PEA 2D OIHP. 



















Figure 4.5. XRD patterns of 2D perovskite films 
 
4.6 Single crystal growth 
To further understand how different organic cations impact the structure and texture of 
these 2D OIHP films, we grew single crystals of 2D perovskites (n = 1) with each of these four 
different cations, following a procedure previously reported.
134,139
 As discussed in Chapter 3, 
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we chose to synthesize and study single crystals of the n = 1 as a model to explain the organic 
cations effect.  
As shown in Figure 4.6., all the 2D perovskite based on mixed cations showed a good 
single crystal quality. This indicated a favorable formation for the formation of the 2D perovskite 
phases and could account for the good film quality as shown in Figure 4.4. However, due to the 
cation disorder, i.e., the two cations could randomly occupy the position for the spacer cation in 
the crystal structure, the exact crystal structure is hard to solve. Therefore, a more quantitative 
description of the phase formation is hard to determine. Nevertheless, the observed device 
performance has the same trend as the crystal quality we achieved and strongly suggested that 
the improved crystal formation could be a potential reason for the improved device performance 




Figure 4.6. Photos of single crystals of 2D perovskites based on PEA/oF1PEA (a), 




In summary, we developed a new approach to further improve 2D perovskite solar cell 
performance by combining two cations into the 2D perovskite phases. A highest solar cell 
efficiency of 12% was achieved by applying PEA and pF1PEA into 2D perovskites and the 
stability of all the 2D perovskite based on mixed cations is improved. We found most of them 
have a vertical phase distribution with more 2D perovskite phases on the back side of the film 
except 2D perovskite based on PEA/oF1PEA which could account for the low device 
performance. The surface morphology showed that all of them had a uniform and smooth surface 
which could contribute to the good device performance by avoiding shorting. Finally, the single 
crystals indicated that 2D perovskite with mixed cations could improve the formation of 2D 
perovskite phases which could improve the film quality and further increase the device 
performance. 
In spite of these achievements, especially on the device performance and stability, a few 
outstanding questions remain. First, in this work, all the mixed cations have a 1:1 ration of the 
two cations. It is not clear whether other ratios could further improve the efficiency and stability. 
Second, further exploring of the 2D perovskite structures with mixed cations is required. It’s 
important to solve the interaction between two different cations and understand its effect on the 
crystal formation. This could provide deep insight for the design of new cations or the selection 
of the combination of two cations for desirable properties. Nevertheless, this work provides the 
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first example for the 2D perovskite solar cells with multiple cations and highlights the 
advantages of the mixed cations approach. Compared to designing and synthesizing new organic 
cations, this approach is much simpler and could fully utilize the existing materials. 
 
4.8 Experimental Section 
Deposition of Perovskite Films 
The precursor solution was made by dissolving large spacer cation salt (i.e., PEAI, 
oF1PEAI, mF1PEAI or pF1PEAI), MAI and PbI2 (99.9985%, from Alfa Aesar) in DMF (from 
Sigma-Aldrich) with the molar ratio of large cation salt:MAI:PbI2=2:3:4 and stir for at least 60 
mins. We chose two large cations at 1:1 ratio for our experiment. The concentration of Pb
2+
 is 1 
M. The 2D perovskite film was spin-coated at 5000 rpm for 20 s from the precursor solution on a 
substrate and then the resulting film was quickly transferred to a hot plate at desired temperature 
to anneal 30 s. The spin-coating process was done in an ambient condition with a relative 
humidity around 10-45%. 
Device Fabrication and Characterization 
Glass substrates coated with patterned indium doped tin oxide (ITO) (Thin Film Devices, 
Inc with a resistivity of 20 Ω/□) were ultrasonicated in deionized water, acetone and 2-proponal 
for 15 minutes each sequentially. The substrates were dried under a stream of nitrogen and 
subjected to the treatment of UV-Ozone for 15 min. PEDOT:PSS in water (Clevios™ P VP AI 
4083 from Heraeus) filtered by 0.45 µm PVDF filter was then spun cast onto cleaned ITO 
substrates at 4000 rpm for 60 s and then baked at 130 °C for 15 min in air to give a thin film with 
a thickness of 40 nm. Then the perovskite film was coated on top of the PEDOT:PSS as 
previously mentioned. After cooling down, the [6,6]-Phenyl C61 butyric acid methyl ester 
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(PCBM) was spin-coated on top at 2000 rpm for 30 s from a PCBM solution in chloroform with 
a concentration of 13.3 mg/ml in a N2 filled glovebox. The film was heated at 80°C for 15 mins. 
After cooling down, a bathophenanthroline solution in ethanol with a concentration of 0.7 mg/ml 
was spin-coated on PCBM layer at 4000 rpm for 30s. Then 50 nm Aluminum was thermally 
evaporated as the metal electrode at a base pressure of 2 × 10
-6
 mbar. The active area was 0.13 
cm
2
, controlled by shadow mask.  
Device characterization was carried out under AM 1.5G irradiation with the intensity of 
100 mW/cm
2
 (Oriel 91160, 300 W) calibrated by a NREL certified standard silicon cell. Current 
density versus voltage (J-V) curves were recorded with a Keithley 2400 digital source meter. The 
scan rate is 50 mV/s. External quantum efficiency (EQE) were detected under monochromatic 
illumination (OrielCornerstone 260 1/4 m monochromator equipped with Oriel 70613NS QTH 
lamp), and the calibration of the incident light was performed with a monocrystalline silicon 
diode (Model No.: Newport 71580). The final performance average values and standard 
deviations are deduced from eight devices. 
Single Crystal Growth 
To synthesize the single crystals, 0.0673 mmol (26.4 mg) PbI2 and 0.115 mmol mixed 
large spacer cation salts (i.e., PEAI, oF1PEAI, mF1PEAI or pF1PEAI) were dissolved in 57wt% 
stabilized HI (Alfa Aesar) at 95 ˚C. For pF1PEAI, 1.5 ml HI was needed to fully dissolved, and 
for the rest, 1 ml was enough. This difference is likely due to the different formation energy of 
these perovskites. The solution was slowly cooled down at 1 ˚C/h to room temperature. The 
solids were filtered and washed with plenty of ethyl ether. 
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Chapter 5 ARYL-PERFLUOROARYL INTERACTION IN TWO-DIMENSIONAL 
ORGANIC-INORGANIC HYBRID PEROVSKITES BOOSTS STABILITY AND 
PHOTOVOLTAIC EFFICIENCY  
 
5.1 Introduction  
 Organic-inorganic hybrid perovskites (OIHPs) based solar cells have observed 
tremendous improvement in the power conversion efficiency up to 20%.
6,7,18-22,206
 However, 
typical OIHP materials for high efficiency devices are not stable under ambient 
conditions.
30,44,47,196,207-212
 Recently, reducing the dimension of the materials from three-
dimensional (3D) OIHPs to two-dimensional (2D) (or quasi-2D, layered) materials has been 
shown as an effective way to improve the stability of OIHP solar cells.
60,63,213
 These 2D OIHPs 
have a general formula of (RNH3)2MAn-1PbnI3n+1 in which n represents the number of octahedral 




 Different from their 
3D counterpart which would have reactive dangling bonds or amorphous species in grain 
boundaries,
47
 these layered 2D OIHPs can be viewed as ‘3D’ OIHPs slabs being passivated with 
organic cations. This passivation could be one of the main reasons for the enhanced stability of 
such OIHPs.
59,60,63,140
 Recently 2D OIHPs solar cells been demonstrated with significant high 




 some of these 
works also show a noticeably improved stability of 2D OIHPs.
48-50,190,215-217
 
Most 2D OIHPs for solar cells employ large organic cations containing one ammonium (-
NH3
+
) group anchored into the inorganic framework, and one organic chain extending out. 
Typically, two layers of such spacers, via van der Waals interactions, form the organic insulating 
layer that separates the inorganic layers. These van der Waals interactions are non-specific, non-
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directional, and highly distance dependent, which are not ideal to stabilize the enclosed OIHPs. 




) can eliminate the van der Waals 
interactions and apply covalent bonding instead to link inorganic layers, which in principle 
should offer much improved stability. For example, Li et al. recently reported a very detailed 
study on using a series of alkyl di-ammonium cations for 2D OIHPs in both single crystals and 
thin films.
218
 Their films, deposited from solution, indeed showed improved stability. However, 
the photovoltaic device performance was not reported, let alone the device stability. 
Furthermore, their film deposition required hydroiodic acid as the additive to achieve typical 
diffraction and absorption behavior of 2D OIHPs. It appears that the 2D OIHP films with di-
ammonium cations are much harder to form, likely due to the poor defect tolerance (e.g., 
requiring the positioning of the two ammoniums of one spacer cation onto two adjacent inorganic 
layers simultaneously).  
To overcome these issues with conventional mono-ammonium and di-ammonium 
cations, we envision a strong non-covalent interaction between the organic chains of mono-
ammonium cations (R-NH3
+
). This would still allow a facile formation of 2D OIHPs because of 
mono-ammonium cations, yet with much improved stability via the strong non-covalent 
interaction between these organic chains. Here we show that the well-known quadrupole-
quadrupole interaction between perfluorobenzene and benzene can be used to achieve much 
improved device stability (maintaining 92% of the original efficiency after 30 days) of 2D 
OIHPs solar cells with appreciable efficiency values (~ 11%).  
The aryl-perfluoroaryl interaction is a widely studied non-covalent interaction, which, for 
example, can solidify an equimolar of benzene and hexafluorobenzene in an alternating manner 
at 23.7 °C.
219





 In our study, we chose phenethylammonium (C6H5-CH2CH2-NH3
+
, PEA) and 
2,3,4,5,6-pentafluorophenethylammonium (C6F5-CH2CH2-NH3
+
, F5-PEA) as the spacer cations 
to introduce the aryl-perfluoroaryl interaction into 2D OIHPs. 
 
5.2 Device performance and stability 
 Experimentally, 2D OIHP with stoichiometric n = 4 (Figure 5.1a, b, Figure A5.1) was 
chosen as the active layer in a p-i-n planar structured solar cell.
225
 As shown in Figure 5.1c and 
Table 5.1, we achieved an efficiency of 7.64% with a small hysteresis for device with PEA 
only.
59,60
 Interestingly, substituting 25 mol% of the PEA with equivalent amount of F5-PEA led 
to an increase on both open circuit voltage (Voc) and short circuit current (Jsc) of the solar cell. 
Raising the amount of F5-PEA to 50 mol % further improved the device characteristics and 
reached an efficiency value of 10.24%. However, further increase of the amount of F5-PEA (i.e., 
75% and 100%) resulted in lower device performance. Furthermore, the 50% F5-PEA (i.e., 
PEA:F5-PEA = 1:1) based solar cells demonstrated the best stability among this series of solar 
cells tested, maintaining over 80% of its original efficiency after 30 days under ambient 
condition (Figure 5.1f). In addition, depositing fresh electrodes on the same devices after 30 
days could recover 92% of the initial efficiency. This observation indicates that the damage of 
the metal electrode such as mechanical scratching or oxidation during testing could be the main 
reason for the performance degradation of the 50% F5-PEA based devices. In contrast, we did 
not observe similar efficiency recovery for other 2D OIHPs based solar cells. These results 
clearly demonstrate that 50% F5-PEA 2D OIHP based solar cells are intrinsically much more 





Figure 5.1. 2D OIHP and characterization of their photovoltaic devices: a, crystal sketch of PEA 
based 2D perovskite (n = 4); b, molecular structures of PEA and F5PEA in this study; c, current-
density-voltage (J-V) curves (forward scan) under 1 sun condition (AM.1.5G) with a solar 
simulator; d, external quantum efficiency (EQE) as a function of wavelength; e, device 
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performance tracking under constant illumination and at maximum power point of 2D perovskite 
solar cell with 50% F5PEA; f, stability of unencapsulated 2D perovskite solar cells with different 
PEA and F5PEA ratio for 30 days under 45% relative humidity. Stability of 2D perovskite based 
on BA was also testes. Last data point represents the same device after 30 days but with new 
electrode evaporated. 
 









Voc (V) FF (%) η (%) 
0%  
(PEAI) 
forward 12.74±0.88 0.962±0.045 62.2±1.7 7.64±0.88 
reverse 12.69±0.77 0.947±0.030 66.9±1.7 8.05±0.84 
25% 
forward 13.46±1.00 1.063±0.062 56.5±0.9 8.08±0.58 
reverse 13.32±1.04 1.038±0.050 65.3±1.4 9.02±0.71 
50% 
forward 14.55±0.78 1.156±0.010 60.9±0.7 10.24±0.64 
reverse 14.50±0.67 1.137±0.010 65.5±1.8 10.81±0.69 
75% 
forward 12.85±0.44 1.095±0.006 45.6±0.9 6.42±0.35 
reverse 12.67±0.49 1.143±0.004 52.5±1.1 7.60±0.45 
100% 
(F5PEAI) 
forward 11.25±0.55 1.114±0.020 48.3±2.4 6.07±0.66 
reverse 11.13±0.67 1.146±0.015 57.5±2.8 7.34±0.74 
 
 
5.3 Film properties 
 To understand the performance and stability difference of 2D OIHP solar cells with 
various amount of F5-PEA, we first applied UV-Vis and PL measurements to probe the 
composition of these 2D OIHP films. Both UV-Vis spectra (Figure 5.2a) and PL spectra with 
excitation from the glass substrate side (Figure 5.2b) clearly indicate the presence of multiple 
2D OIHP phases (e.g., n = 1, 2, 3 etc.) in all films. The UV-Vis spectra (Figure 5.2c) also 
suggest a similar amount of each phase in different films. In addition, there is no splitting for the 
absorption and emission peak position of each 2D phase, indicating that the mixed F5-PEA and 
PEA based 2D OIHP films are not a mixture of spatially separated F5-PEA based and PEA based 
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2D OIHP domains. These F5-PEA and PEA cations in the OIHP structure form a solid-solution 
in the interlayer gallery, which will be further discussed by the single crystal structure (vide 
infra). Additionally, the PL spectra with excitation from the air-side show much weaker 
intensities of 2D OIHP peaks compared to that of 3D (Figure 2c), indicating a vertical phase 
segregation of different n numbers as we and others observed before, which is beneficial (or even 





Figure 5.2. Optical properties of 2D perovskite films: a, UV-vis absorption; b, normalized 
photoluminescence from back side, and c, from front side. Numbers and arrows indicate signals 
from different phases. 
 We next investigated the surface morphology of our 2D OIHP. Shown in Figure 5.3a,, 
2D OIHP film with PEA as the sole spacer cation has many visible pinholes from the scanning 
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electron microscope (SEM) image. These pinholes became much smaller in the film having 25% 
F5-PEA (Figure 5.3b), and finally disappeared with 50% F5-PEA or more (Figure 5.3c-e). A 
similar evolution of the surface morphology was also observed with atomic force microscopy 
(AFM) (Figure A5.3). The pinholes in the films containing a low amount of F5-PEA (i.e., 0% 
and 25%) cause non-ideal interfacial contact between different layers in the device, which would 
account for the relatively low device performance (especially Voc). However, even with pin-hole 
free surface morphology, the films having a large amount of F5-PEA (i.e., 75% and 100%) still 
observed decrease of Jsc and fill foctor (FF) in the solar cells. Thus, there must be other factors 
causing the poor performance of 2D OIHP solar cells with a large amount of F5-PEA, such as 
crystal orientation. 
 
Figure 5.3. Surface morphology of 2D perovskite films. SEM images of 2D perovskite films 
with 0% (a), 25% (b), 50% (c), 75% (d), 100% (e) F5PEA. 
 In addition to phase distribution and surface morphology, favorable crystal orientation is 
also crucial to device based on 2D OIHP due to its anisotropic nature.
48,151,195
 To investigate this 
in our mixed cation 2D OIHP, we first performed a thin film X-ray diffraction (XRD) 
experiment shown in Figure 5.4a. In the XRD profiles, we observed peaks of strong intensity 
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around 14.2° and 28.5° in all samples, consistent with previous work on similar 2D OIHP 
films.
48,59
 Since our films contain multiple phases (both 2D and 3D phases) and these two peaks 
(14.2° and 28.5°) are present in XRD data for both 3D and 2D perovskites, they can either be 
labelled as (110) and (220) based on 3D perovskite structure
48,58
 or (111) and (202) based on 2D 
perovskite structure.
196
 Here we labelled them as (110) and (220) for our discussion. Below 10°, 
we also observed some weak diffractions which can be indexed for 2D perovskite with n = 1 
(labelled as orange) and n = 2 (labelled as red) (Figure 5.4a, b). This indicates that there are a 
few 2D perovskite crystalline phases with the inorganic layers parallel to the substrate.
195,197
 For 
films with large amount of F5PEA (>50%), these diffraction are significantly stronger than the 
rest, which suggests that there are more 2D phases with the inorganic layers parallel to the 
substrate. This unfavorable crystal orientation accounts for the lower Jsc and FF of devices with 
large amount of F5PEA (>50%). We will discuss the crystal orientation further with GIWAXS 
(vide infra). In addition to the crystal orientation, we can see the position of the (002) peaks 
systemically shift to smaller angle with more F5PEA, which indicates the distance between 
layers increases with more F5PEA (Figure 5.4b). However, we can only see one peak for each n, 




Figure 5.4. XRD patterns of 2D perovskite films: XRD in large angle range (a) and small angle 
range (b) of 2D perovskite film with different amount of F5PEA 
 To gain insights on the crystal orientation in our 2D OIHP films, we employed grazing-
incidence wide-angle X-ray scattering (GIWAXS).
198
 Shown in Figure 5.5a, the 2D OIHP film 
based on PEA shows diffraction spots, indicating a highly orientated film.
48
 With more F5-PEA 
(Figure 5.5b-e), diffraction rings start to appear and eventually dominate the diffraction patterns 
in the case of 75% or 100% F5-PEA based 2D OIHP film. This gradual change in GIWAXS 
patterns indicates that with more F5-PEA, the crystallites in the 2D OIHP film start to adopt a 
more random orientation and texture. This random orientation alone is expected to hinder the 
charge transport across the film, resulting in lower Jsc and FF as the amount of F5-PEA 
increases. However, crystallite orientation is not the only performance-affecting feature that 
changes with addition of F5-PEA. As shown above, SEM shows better surface coverage as F5-
PEA content increases, which should help the device performance. Overall, the competing 
effects of surface morphology and crystal orientation lead to the best device performance at 1:1 




Figure 5.5. GIWAXS patterns of 2D perovskite films different amount of F5PEA: GIWAXS 
patterns of 0% F5PEA (a), 25% F5PEA (b), 50% F5PEA (c), 75% F5PEA (d), 100% F5PEA (e). 
 
5.4 Discussion 
 While all the preceding results explain why 1:1 PEA:F5-PEA based 2D OIHP solar cells 
offered the highest efficiency, they only minimally address why 1:1 PEA:F5-PEA based solar 
cells also demonstrated the highest stability. Given the strong quadrupole-quadrupole interaction 
in the aryl-perfluoroaryl system,
219-224
 we hypothesized that PEA and F5-PEA would form a 1:1 
pair via the strong quadruple-quadruple interaction to ‘lock in’ the interface of 2D/3D OIHP 
phases and stabilize the OIHP film based devices. To experimentally verify this hypothesis, we 
grew single crystals of the mixed cations based 2D OIHP with n = 1 (i.e., ((PEA)0.5(F5-
PEA)0.5)2PbI4) since n = 1 phase is the simplest description of the interface between different 
2D/3D OIHP phases. The differences of cation packing are highlighted in Figure 5.6. The 
crystal structure of ((PEA)0.5(F5-PEA)0.5)2PbI4 is disordered, wherein the two different cations 
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lay on top of one another Figure 5.6c,d) – a feature which has been reported in similar mixed 
cations based 2D OIHPs.
226
 Importantly, the herringbone packing in 2D OIHP (Figure 5.6d) 
permits two cations to interact in an offset face-to-face or partially eclipsed manner (inset, 
Figure 5.6d),.
226-228
 While the crystallography does not permit us to explicitly observe 
interactions between the PEA and F5-PEA due to their random mixing within the structure, this 
face-to-face packing motif was not observed in PEA alone or F5-PEA alone based 2D OIHP, as 
seen in (PEA)2PbI4
93
 and (F5-PEA)2PbI4 (Figure 5.6a,b and e,f, even in the presence of 
disorder), highlighting the pivotal role of the quadrupole-quadrupole interaction to create this co-
facial packing motif.  
To further probe the effect of the aryl-perfluoroaryl interaction on stability, we conducted 
differential scanning calorimetry (DSC) measurements on the three single crystals. Similar to 
what was reported by Li et al.,
229
 for all three single crystals, we observed two transition peaks 
which could be assigned to structure transition (lower temperature) and melting (higher 
temperature) (Figure A5.7). The structure transition enthalpy of the 1:1 PEA:F5-PEA based 2D 
OIHP is significantly higher than those of single cation based ones. This result further supports 
that the strong aryl-perfluoroaryl interaction could be the main reason for the improved stability 





Figure 5.6. Single crystal structures of 2D OIHPs: (a,b) (PEA)2PbI4, showing the collinear 
packing of PEA molecules (this structure was re-drawn based on the work reported by Du et 
al),
93
 (c,d) ((PEA)0.5(F5-PEA)0.5)2PbI4, showing the herringbone packing of the organic 
molecules, which are randomly substituted on the same site.  The inset highlights the offset face-
to-face packing of a pair of organic cations. (e,f) (F5-PEA)2PbI4, showing the collinear packing 
of 5F-PEA, which does not permit face-to-face interactions. The inset shows the equally-
occupied and disordered orientations of 5F-PEA; occupancy of either orientation leads to a 
collinear packing of the molecules which does not permit face-to-face interactions. Arrows 
denote the vector of the 
+
NH3CH2CH2-aryl bond. 
 Last, we explored the generality of this mixed aryl-perfluoroaryl cation approach. As a 
hybrid material, desiring functional organic cations like conjugated cations is of great interest. 





) and 2-([2,2'-bithiophen]-5-yl)ethan-1-aminium 
(BTEA
+
). Still we fabricated solar cells to probe the quality of the devices. We found devices 
based on both two cations can be improved to 10% with F5PEA and this method seems to be a 
relatively general approach (Figure 5.7). 
 
Figure 5.7. 2D perovskite with two larger cations and characterization of their photovoltaic 
devices: a, molecular structures of NEA and BTEA in this study; b, current-density-voltage (J-
V) curves (forward scan) of 2D perovskite based on large cations with and without F5PEA under 
1 sun condition (AM.1.5G) with a solar simulator; c, comparison of device performance of 2D 
perovskite based on large cations with and without mixing with F5PEA. 
 
5.5 Conclusion 
 In summary, we find that introducing a perfluorinated phenethylammonium, F5-PEA, 
into the PEA based 2D OIHP can improve the efficiency of such 2D OIHP based solar cells with 
significantly improved stability. The incorporation of F5-PEA appears to have competing effects 
on surface morphology and crystal orientation as the amount of F5-PEA increases, resulting in 
the highest solar cell efficiency at 1:1 ratio (50% F5-PEA) with PCE > 10%. More importantly, 
the highest stability of 1:1 PEA:F5-PEA based 2D OIHP solar cells can be ascribed to the aryl-
perfluoroaryl interaction, a strong non-covalent interaction which not only improves the structure 
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stability of the 2D OIHP reported in this study but also largely explains their impressive device 
stability.  
Our study offers a compelling example where a strong non-covalent interaction can 
significantly affect the structure of 2D OIHPs and the texture of their films, and thus, can boost 
the efficiency and stability of the solar cells. Given the large body of work in applying a variety 
of non-covalent interactions in organic, supramolecular and polymer chemistry,
230-232
 we believe 
further exploration of these rich chemistries via creative design of new functional cations to 
employ with the 2D OIHPs would achieve desirable device characteristics as well as industry-
standard stability. 
 
5.6 Experimental section 
Deposition of Perovskite Films 
 The precursor solution was made by dissolving PEAI or F5PEAI, MAI and PbI2 
(99.9985%, from Alfa Aesar) in DMF (from Sigma-Aldrich) with the molar ratio of 
PEAI:MAI:PbI2=2:3:4 and stir for at least 60 mins. The concentration of Pb
2+
 is 1 M. The 2D 
perovskite film was spin-coated at 5000 rpm for 20 s from the precursor solution on a substrate 
and then the resulting film was quickly transferred to a hot plate at 40 °C to anneal 30 s. The 
spin-coating process was done in an ambient condition with a relative humidity around 10-45%. 
Device Fabrication and Characterization 
 Glass substrates coated with patterned indium doped tin oxide (ITO) (Thin Film Devices, 
Inc with a resistivity of 20 Ω/□) were ultrasonicated in deionized water, acetone and 2-proponal 
for 15 minutes each sequentially. The substrates were dried under a stream of nitrogen and 
subjected to the treatment of UV-Ozone for 15 min. PEDOT:PSS in water (Clevios™ P VP AI 
4083 from Heraeus) filtered by 0.45 µm PVDF filter was then spun cast onto cleaned ITO 
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substrates at 4000 rpm for 60 s and then baked at 130 °C for 15 min in air to give a thin film with 
a thickness of 40 nm. Then the perovskite film was coated on top of the PEDOT:PSS as 
previously mentioned. After cooling down, the [6,6]-Phenyl C61 butyric acid methyl ester 
(PCBM) was spin-coated on top at 2000 rpm for 30 s from a PCBM solution in chloroform with 
a concentration of 13.3 mg/ml in a N2 filled glovebox. The film was heated at 80°C for 15 mins. 
After cooling down, a bathophenanthroline solution in ethanol with a concentration of 0.7 mg/ml 
was spin-coated on PCBM layer at 4000 rpm for 30s. Then 70 nm Aluminum was thermally 
evaporated as the metal electrode at a base pressure of 2 × 10
-6
 mbar. For stability test, 70 nm Cu 
was used as the top electrode. The active area was 0.13 cm
2
, controlled by shadow mask.  
 Device characterization was carried out under AM 1.5G irradiation with the intensity of 
100 mW/cm
2
 (Oriel 91160, 300 W) calibrated by a NREL certified standard silicon cell. Current 
density versus voltage (J-V) curves were recorded with a Keithley 2400 digital source meter. The 
scan rate is 50 mV/s. External quantum efficiency (EQE) were detected under monochromatic 
illumination (OrielCornerstone 260 1/4 m monochromator equipped with Oriel 70613NS QTH 
lamp), and the calibration of the incident light was performed with a monocrystalline silicon 
diode (Model No.: Newport 71580). The final performance average values and standard 
deviations are deduced from eight devices. 
Grazing Incidence Wide Angle X-ray Scattering (GIWAXS) 
 The GIWAXS patterns were collected at beamline 7.3.3 at the Advanced Light Source in 
Lawrence Berkeley National Laboratory.
202
 The incident X-ray energy was 10 keV while the 
detector was a Pilatus 2M. The patterns were corrected, axis-labeled, and colored as shown using 
Igor Pro and a modified version of the NIKA package.
203
 
Single Crystal Growth 
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 To synthesize the single crystals of PEA2PbI4, 26.4 mg PbI2 and 28.6 mg PEAI were 
dissolved in 57wt% stabilized HI (Alfa Aesar) at 95 ˚C. The solution was slowly cooled down at 
1 ˚C/h to room temperature. The solids were filtered and washed with plenty of ethyl ether. To 
synthesize the single crystals of F5PEA2PbI4, 69.2 mg PbI2 and 101.7 mg F5PEAI were 
dissolved in 0.5 ml n-Butanol and 0.1 ml 57wt% stabilized HI at 95 ˚C. The solution was slowly 
cooled down at 1 ˚C/h to room temperature. The solids were filtered and washed with plenty of 
ethyl ether. To synthesize the single crystals of (PEA)(F5PEA)PbI4, 69.2 mg PbI2, 50.9 mg  
F5PEAI and 37.4 mg PEAI were dissolved in 0.5 ml n-Butanol and 0.1 ml 57wt% stabilized HI 
at 95 ˚C. The solution was slowly cooled down at 1 ˚C/h to room temperature. The solids were 
filtered and washed with plenty of ethyl ether. 
Single Crystal X-Ray diffraction (SCXRD) 
 SCXRD data for F5PEA2PbI4 and (PEA)(F5PEA)PbI4 were collected at room 
temperature using a Bruker D8 Quest ECO diffractometer equipped with a microfocus Mo K 
radiation source and Photon 50 CMOS half-plate detector. Single crystals were mounted onto a 
glass fiber with 5-minute epoxy. Bruker SAINT was used for integration and scaling of collected 
data and SADABS (multi-scan) was used for absorption correction. Starting models for the three 
compounds were generated using the intrinsic phasing method in SHELXT.
204
 SHELXL2014 
was used for least-squares refinement.
205
  Structures, including disorder, based on electron 
densities are provided, as well as idealized supercells without disorder based on chemically-
reasonable bond distances and molecular configurations. 
Differential Scanning Calorimetry (DSC) Measurement 
111 
 
 DSC measurements were performed using a TA Discovery DSC instrument at a ramping 
rate of 5 ˚C/min from 25 ˚C to 300 ˚C, using a hermetically-sealed aluminum pan and lid with a 
sample loading of several milligrams. 
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Chapter 6 CONCLUSION AND FUTURE DIRECTION 
6.1 Conclusion   
 In summary, 2D perovskite solar cells have emerged as more intrinsically stable materials 
for solar cells when compared to their 3D counterpart, i.e., MAPbI3. Despite of the improved 
stability and increasing solar cell efficiency, a few outstanding questions remain including the 
film composition, crystal orientation and the function of the spacer cations. The primary goal of 
this dissertation was to understand the fundamental properties of 2D perovskite solar cells and 
study the spacer cation effect on the device performance. Specifically, in Chapter 2, we 
successfully developed a mild and general post-annealing method to fabricate efficient 2D 
perovskite solar cells with a variety of spacer cations including aliphatic, acene and 
oligothiophene based cations. The new processing method provides us a chance to further study 
the fundamental properties of these 2D perovskite solar cells. In addition, we systemically 
studied the film composition with different techniques, investigated the energy transfer 
mechanism in the films. In Chapter 3, we focused our study on PEA based spacer cations which 
could serve as a model study of cations with more complicated system. We designed and 
synthesized monofluorinated PEA cations (i.e., PEA, oF1PEA, mF1PEA and pF1PEA) and 2D 
perovskite solar cells based on these cations showed very different device performance despite of 
the similarity of these cations. We found the film properties such as surface morphology, phase 
distribution and crystal orientation are very different. Single crystal analysis and DFT calculation 
points out the formations of these 2D perovskites were very different because of the different 
organic cation interactions (e.g., dipole-dipole interactions) introduced by the subtle change on 
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the spacer cations. In Chapter 4, we designed and synthesized pentafluorinated PEA cation 
(F5PEA).  
6.2 Future Direction 
Though we have achieved a better understanding of 2D perovskite solar cells and studied 
some simple spacer cation effects on the film properties as well as the resulting device 
performance, more rigorous and quantitative experiments are still needed to fully understand 
these 2D OIHP as new materials for solar cells, including the relative amount of different phases 
across the film, indexing of all the X-ray diffraction patterns and the crystal orientation 
distribution across the entire film, among others.  
On the other hand, PEA based cations still lack the optoelectronic functions to realize a 
“true” organic-inorganic hybrid material; as such, more complex conjugated cations are needed 
to be embedded into 2D perovskites.  
 
6.2.1 Exploring 2D perovskite with donor-acceptor based organic cations   
Conjugated organic molecules are of great interest due to their semiconducting nature and 
‘exotic’ functions, which could contribute to basic optoelectronics as well as their unique 
applications including singlet fission, up conversion, among others.
74,80,86,185-187
 Incorporating 
spacer cations with conjugated group in to 2D perovskite is one of the most effective way to 
realize a “true” organic-inorganic hybrid material. Indeed, “conjugated organic”-inorganic 





. Furthermore, depending upon the energy levels and band gaps, these conjugated 
organics can contribute to light absorption and emission of 2D perovskites, and/or facilitate 





On the other hand, donor-acceptor molecules have more tunable properties such as 
energy levels. However, spacer cations based on donor-acceptor moieties haven’t been 
successfully applied into 2D perovskites. Here we designed and synthesized benzothiadiazole-
thiophene based ammoniums and got preliminary results of “donor-acceptor conjugated 
organic”-inorganic hybrid perovskite. We chose benzothiadiazole as the acceptor and thiophene 
as the donor moiety for three reasons. First, benzothiadiazole is a strong acceptor which could 
effectively reduce the conjugated length needed to achieve a desirable band gap. The reduce 
conjugated length could help to solve the insolubility of such organic molecules which is one of 
the main issues for the synthesis of 2D perovskites. Second, the molecular sizes of both 
benzothiadiazole and thiophene are suitable (< 0.7 nm) to be incorporate into 2D perovskite 
crystal structures. Last, benzothiadiazole-thiophene based structures have been widely studied in 
a variety of organic electronics. The synthesis and basic properties including band gaps and 
solubility are well-known. Therefore, we proposed synthetic routines for two benzothiadiazole-
thiophene based spacer cations with one or two linker ammoniums, i.e., 2-(5-
(benzo[c][1,2,5]thiadiazol-4-yl)thiophen-2-yl)ethan-1-aminium halide (BTTEAX, X = Cl, Br, I; 
Figure 6.1.a) and 2,2'-(benzo[c][1,2,5]thiadiazole-4,7-diylbis(thiophene-5,2-diyl))bis(ethan-1-




Figure 6.1. Synthesis of donor-acceptor based organic molecules: (a) BTTEAX, (b) BTDTEAX. 
We have successfully synthesized BTTEAI, i.e., benzothiadiazole-thiophene based 
monoammonium iodide. NMR of the BTTEAI was shown in Figure 6.2.a. We dissolved the 
achieved BTTEAI and PbI2 at 2:1 ratio, i.e., the composition of 2D perovskite with n = 1, in 
DMF and spun-cast the film on glass. As shown in Figure 6.2.b, UV-vis of the film showed 
clear BTTEA absorption around 400 nm. However, we could not observe a clear the excitonic 
from 2D perovskite. There is an absorption edge around 510 nm, but similar feature could be 
observed for PbI2 film (Figure 6.2.b). Therefore, the observed absorption around 510 nm in the 
“perovskite” film could be the absorption of PbI2 or the merged absorption of BTTEA and 2D 
perovskite with n = 1. Further study is still needed to clarify the observed phenomenon. 
Meanwhile, we also deposited the films from solution containing the precursor ratio of n = 2 
(i.e., BTTEAI:MAI:PbI2 = 2:1:2) and n = 4 (i.e., BTTEAI:MAI:PbI2 = 2:3:4). Interestingly, we 
observed extra excitonic peaks besides BTTEA as indicated by blue arrows in Figure 6.2.c, d. It 
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is very likely that 2D perovskite phases with higher n values were achieved. Again, further 
studies including film XRD, single crystal XRD and PL, are still needed to confirm the 
formation of 2D perovskite phases. 
 
Figure 6.2. (a) NMR of BTTEAI in DMSO-d6. UV-vis absorption of films cast from solutions 
containing with PbI2 and 2D perovskites with n = 1 (b), n = 2 (c), n = 4 (d). Blue arrow indicates 
potential excitonic peaks from 2D perovskite phases. 
 
6.2.2 Designing azobenzene based cations as function organic moiety  
In addition to donor-acceptor based conjugated molecules, we also designed azobenzene 
based spacer cations. Azobenzene is a widely studied molecule in a variety of applications 
requiring photo-induced switch due to its reversible tran-cis transition under UV or visible light. 
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As shown in Figure 6.3, we proposed that by incorporating azobenzene based cations into 2D 
perovskite crystals, the transition from tran to cis could exfoliate the 2D perovskite crystals from 
bulk to few layers and realize the “true” 2D perovskite sheets. 
 
Figure 6.3. Sketch of 2D perovskite with azobenzene based cation exfoliated under UV light. 
We designed azobenzene based cation (E)-2-(4-(phenyldiazenyl)phenyl)ethan-1-aminium 
halide (AzoEAX) and proposed its synthetic routine as shown in Figure 6.4.a. Furthermore, 
we’ve successfully synthesized the ammonium iodide salt, AzoEAI and its NMR is shown in 
Figure 6.4.b. We tested the trans to cis transition of this molecule in DMF under UV light and 
we observed the increased absorption around 430 nm and decreased absorption around 330 nm, 






Figure 6.4. (a) Synthetic routine of AzoEAX. (b) Achieved AzoEAI molecule and its NMR in 
DMSO-d6. (c) UV-vis absorption of AzeEAI in DMF under UV light for different time. 
 We next tested the formation of 2D perovskite with AzoEA as the spacer cation. We 
deposited the film with solution containing 2:1 ratio of AzoEAI and PbI2 in DMF. As shown in 
Figure 6.5.a, we observed a sharp excitonic absorption peak from the film. The absorption peak 
has similar shape as that of PEA2PbI4, but it’s slightly blue-shifted which is probably caused by 
the twisting of Pb-I-Pb angle. Furthermore, the XRD of the film has a set of peaks with the same 
distance, which is very like to be the (002) peak family from 2D perovskite phase (Figure 6.5.b). 





Figure 6.5. (a) UV-vis absorption of AzoEA2PbI4 and PEA2PbI4 films and AzoEAI in DMF. (b) 
XRD pattern of  AzoEA2PbI4 film. 
 In addition to the film, we successfully grew layered crystals by recrystallizing PbI2 and 
AzoEAI in acetonitrile. The layered feature and orange color highly suggest the formation of 2D 
perovskite crystals. By dispersing the achieved crystal in chloroform and stirring the suspension 
under UV light, we can get better dispersion with longer time (Figure 6.6.a) and after 60 
minutes illumination, we can achieve a well dispersed solution and it showed strong green 
emission under UV light (Figure 6.6.b). This result high suggests that AzoEA2PbI4 could be 
exfoliated to small flakes under UV light. As comparation, PEA2PbI4, i.e., 2D perovskite with 
non-photoactive spacer cation, cannot be well dispersed in chloroform after illuminated for 60 





Figure 6.6. (a) Picture of AzoEA2PbI4 dispersed in chloroform under UV illumination for 
different time. (b) Green emission from AzoEA2PbI4 dispersed in chloroform under UV 
illumination for 60 minutes. (c) Picture of PEA2PbI4 dispersed in chloroform under UV 
illumination for 60 minutes. 
 We further characterized the exfoliated 2D AzoEA2PbI4 perovskite. As shown in Figure 
6.7.a, b, TEM images showed that the achieved materials were mainly thin sheets. We also 
observed some bulky materials, which should be possible to be avoided by centrifuge in the 
future. Fluorescence images (Figure 6.7.c, d) also showed thin flakes and the emission is around 





Figure 6.7. TEM images (a, b) and fluorescence images (c, d) of exfoliated AzoEA2PbI4 under 
UV illumination.  
 
6.3 Concluding Remarks 
In summary, much progress has been made in exploring 2D perovskites’ structure, 
optoelectronic properties and applications. This is a truly multidisciplinary research field where 
chemists, physicists, materials scientists and device engineers can work together to unravel new 
discoveries. Despite of these great achievements, most studies mainly focus and rely on the 
properties of the inorganic frameworks. Indeed, the organics can also play an important role and 
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provide a variety of functions. As a consequence, synergistic research efforts from materials 
scientists and chemists are required to fully realize the “true” organic-inorganic hybrid material. 
With interdisciplinary efforts, more progresses can be achieved with tailored materials for a 
variety of applications. 
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APPENDIX FOR CHAPTER 2 A GENERAL POST-ANNEALING METHOD 
ENABLES HIGH-EFFICIENCY TWO-DIMENSIONAL PEROVSKITE SOLAR CELLS 
AND ANALYSIS OF STRUCTURE OF 2D PEROVSKITES FILMS 
 














































































































































Figure A2.1. 2D perovskite solar cell post-annealed at 100 °C for different annealing time (solid 
line is forward scan; dashed line is reverse scan). 
Table A2.2. Device performance of 2D perovskite solar cell annealed at 100 °C with different 
annealing time  
post-
annealing 
scan direction Jsc (mA/cm2) Voc (V) FF (%) η (%) 
3 sec 
forward 12.68±0.36 1.061±0.040 48.7±4.4 6.57±0.80 
reverse 12.50±0.36 1.048±0.042 51.5±4.0 6.75±0.66 
30 sec 
forward 11.58±0.43 1.037±0.017 40.5±1.0 4.86±0.07 
reverse 11.20±0.38 1.051±0.008 41.5±0.6 4.88±0.14 
1 min 
forward 11.71±0.30 1.016±0.014 37.0±1.5 4.41±0.24 
reverse 11.28±0.28 1.040±0.011 36.4±1.5 4.27±0.25 
5min 
forward 10.59±0.84 0.879±0.110 32.5±3.1 3.01±0.41 
reverse 10.57±0.83 0.896±0.090 32.3±3.0 3.05±0.39 
15 min 
forward 9.50±0.45 0.765±0.096 35.0±6.1 2.61±0.89 
reverse 9.47±0.46 0.789±0.075 34.7±6.1 2.65±0.83 
30 min 
forward 7.68±0.49 0.538±0.083 28.4±1.8 1.19±0.34 




Figure A2.2. SEM images of 2D perovskite film annealed at 100C for 3 seconds and for 30 
minutes (the scale bar is 5 µm). 
 
Figure A2.3. GIWAXS of 2D perovskite film a) hot-casting at 150 °C, b) post-annealed at 80°C 
for 3 secs, c) post-annealed at 100°C for 3 secs, and d) made at RT without heating 
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Figure A2.4. (a) Absorption spectrum, (b) PL spectrum of 2D perovskite film made at RT 
without hot-casting and post-annealing. 
Table A2.3. Summary of MA:BA ratio for 2D perovskites 
perovskite Chemical formula MA:BA 
n=2 BA2MAPb2I7 0.5:1a) 
n=3 BA2MA2Pb3I10 1:1a) 
n=4 BA2MA3Pb4I13 1.5:1a) 
n=∞ MAPbI3 1:0a) 
Post-annealing film N/A 1.24:1b) 
Hot-casting film N/A 1.32:1b) 
Drop-cast film N/A 1.48:1b) 
Precursor solution N/A 1.5:1b) 
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a) Calculated from chemical formula, b) calculated from hydrogen peak area in 1H-NMR 









H-NMR spectrum of films prepared by post-annealing, hot-casting and drop-
casting and the precursor solution in DMF. 






























 hot-casting d3-MAI forword
 hot-casting d3-MAI reverse
 post-annealing d3-MAI forword
 post-annealing d3-MAI reverse
 
Figure A2.6. J-V curves of 2D perovskite fabricated with d
3
-MAI by hot-casting method at 
150°C and post-annealing method at 80°C (solid line is forward scan; dashed line is reverse 
scan). 
Table A2.4. Device performance of 2D perovskite solar cell with d
3
-MAI 
(ITO/PEDOT/perovskite/PCBM/ LiF/Al)  
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Fabrication method scan direction Jsc (mA/cm2) Voc (V) FF (%) η (%) 
Hot-casting at 150 °C  
forward 16.66±0.39 1.094±0.002 65.7±1.6 11.98±0.46 
reverse 16.58±0.36 1.089±0.004 66.4±2.0 11.99±0.52 
Post-annealing at 
80 °C 
forward 14.67±0.47 1.068±0.017 68.0±2.8 10.65±0.37 
reverse 14.57±0.48 1.043±0.020 67.4±3.3 10.22±0.38 


















Figure A2.7. TOF-SIMS depth profile of 2D perovskite with deuterated MA by hot-casting 
method and post-annealing methods with a nominal n=4 (sputter time was the indication of depth 




Figure A2.8. 2DTA spectra of post-annealing films at 80 °C obtained for back-side (i.e., glass-
side, a-d) and front-side (i.e., air-side, e-h) excitation. Delay times τ are: (a),(e) 1 ps; (b),(d) 10 
ps; (c), (g) 100 ps; (d),(h) 500 ps. The layer initially excited corresponds to the horizontal axis 
whereas the detection axis represents the location of the excitation at time, τ. Dynamics in the 
signal intensity above the diagonal represents transfer of the electronic excitation from the layers 
with finite n to n=∞. With front-side (air-side) excitation, the n=∞ layer absorbs most of the 
light, thereby suppressing energy transfer between quantum wells. (adapted from Williams, O. F.; 











Figure A2.9. Transient absorption spectrum from the front and back sides of 2D perovskite films 
made by hot-casting and post-annealing methods, excitation at 570 nm, detection wavelength 
570 nm, 610 nm and 740 nm corresponding to n=2, 3 and ∞ phases. a) and b) spectrum excited 
from the back and front side, c) and d) dynamics of detection wavelength at 570 nm, 610 nm and 





are very similar for post-annealing and hot-casting samples, especially for the spectrum excited 
from the back side. It indicates the energy transfer processes in films made by hot-casting and 






Figure A2.10. The transient absorption spectrum can be decomposed into single exciton ( ,eg n

) 
and biexciton ( ,fe n

) resonances associated with each quantum well. This schematic does not 
represent the relative energies of the valence or conduction bands. (adapted from Williams, O. F.; 




Figure A2.11. Transient absorption signals are fits using models with response functions 
describing GSB, ESE, ESA components. Fitting results are compared with measurement in time 
domain at quantum well resonance wavelengths. The wavelengths associated with the quantum 








Figure A2.12. Transient absorption signals are fits using models with response functions 
describing GSB, ESE, ESA components. Fitting results are compared with measurement in the 
wavelength domain at some delays. The delays shown in the figure are: (a) 1 ps; (b) 10 ps; (c) 
100 ps; (d) 1000 ps. 
 Parameters used to fit the Transient Absorption spectrum of 570 nm pumped N=4 2D 
perovskite film. (a) Kinetic parameters, parameters are obtained by fitting the whole TA 
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spectrum in both time and frequency domain with our model. Standard Deviations are given. (b) 
Spectroscopic parameters, parameters are obtained by fitting the initial spectrum (at 1ps) with 
sum of Gaussians in frequency domain. Single or Bi exciton center wavelengths are tightly 
constraint or even fixed during the fitting, thus the uncertainties for these parameters are given 
by the relative fraction of constraint range to the fitted parameters. 
Table A2.5. Fitting Parameters for Transient Absorption Signals 

























54±6 ps ,eg   740 nm (1.68 eV)  
eR  
400±16 ps ,2fe  548 nm (2.26 eV)  
R  
1000±1 ps ,3fe  587 nm (2.11 eV)  
0
2p  
0.33±0.38 ,4fe  621 nm (2.00eV)  
0
3p  
0.27±0.31 ,5fe  651 nm (1.90 eV)  
0
4p  
0.15±0.17 ,fe   610 nm (2.03 eV)  
0
5p  
0.09±0.11 ,2eg  15 ±1nm (0.06 ±0.004eV)  
0p  
1.34±1.53 ,3eg  15±0 nm (0.05 ±0.002eV)  
,2eg  
2.15±0.61 ,4eg  19±7 nm (0.06 ±0.022eV)  
,3eg  




,eg   112±21 nm (0.25±0.047eV) 
,5eg  
2.60±0.87 ,2fe  36±23 nm (0.15±0.014 eV) 
,eg   
1.01±0.29 ,3fe  13±1nm (0.05±0.004 eV) 
,2fe  
2.11±0.60 ,4fe  11±1nm (0.04±0.019 eV) 
,3fe  
2.49±0.73 ,5fe  14 nm±23nm (0.04±0.066 eV) 
,4fe  






,eg   
0.04±0.02 nm/ps 
(10±5×10-5 eV/ps) 
,fe   
0.71±0.21   
  
 The transition dipoles, µ, are scaled to reproduce the measured ΔA values. The units are 
arbitrary. See the appendix for model equations. Fits are conducted in the frequency domain 
under the assumption of Gaussian line shapes. The single exciton and biexciton resonance 
frequencies were first optimized at several delay times then fixed to the peak values during the 
fits. Preliminary fits show that these frequencies are delay-independent. 







Figure A2.13. Scheme for 2D Transient absorption measurement, the pumping wavelength could 
be varied and the delayed time of detection could be controlled, when exciting the n=2 phase the 
energy transferred to n=3 but not to n=4 phase and when exciting the n=3 phase the energy 
transfer from n=3 to n=4 was observed. 
Table A2.6. Characteristics of n-i-p device based on 2D perovskites 
Substrate (ITO 





Jsc (mA/cm2) Voc (V) FF (%) η (%) 
Hot-cast at 150 
°C 
None 
forward 7.58±0.45 0.941±0.020 31.8±2.5 2.27±0.15 
reverse 8.17±0.40 0.997±0.020 38.4±1.3 3.12±0.18 
r.t. 80 °C 
forward 5.62±1.73 0.739±0.054 17.2±5.5 0.66±0.10 

























Figure A2.14. EQE curves of 2D perovskite made in air with a relative humidity of 45%. 
Table A2.7. Device performance of 2D perovskite solar cell made in air with relative humidity of 









































































































































Jsc (mA/cm2) Voc (V) FF Efficiency
Forward 16.08 1.081 70.0% 12.16%
















































Figure A2.15. J-V curves of champion device showed above 12% efficiency by our post-






Figure A2.16. SEM images of BAI based 2D perovskite (n=4) made in air and in GB (the scale 
































 3D in air
 3D in glove box
 
Figure A2.17. J-V curves of 3D perovskite fabricated in air (humidity=45%) and in glove box 
(solid line is forward scan; dashed line is reverse scan).  
Table A2.8. Device performance of 3D perovskite solar cell (ITO/PEDOT/perovskite/PCBM/ 





Jsc (mA/cm2) Voc (V) FF (%) η (%) 
in air 
forward 14.36±1.32 0.602±0.081 49.8±1.6 4.27±0.44 
reverse 15.26±1.29 0.669±0.111 53.6±1.6 5.42±0.65 
in glove box 
forward 18.39±0.58 0.838±0.009 71.9±2.3 11.08±0.72 






Figure A2.18. Statistics of ~ 60 2D perovskite solar cells made by hot-casting and post-
annealing method in the ambient condition (air, humidity ~ 45%). 
 






























































 n=3 post-annealing 45C
 n=4 post-annealing 45C
 n=4 hot-casting 150C
 
Figure A2.19. J-V curves of 2D perovskite fabricated with PEAI n=4 (solid line is forward scan; 
dashed line is reverse scan) with post-annealing method at 45°C for 30s and hot-casting method 
at 150°C. The device with PEAI n=3 is also presented as comparison to Reference  (Angewandte 
Chemie International Edition 53, 11232 (2014)).  
 
Table A2.9. Device performance of 2D perovskite solar cell with PEAI (ITO/ PEDOT/ 
perovskite/ PCBM/ LiF/ Al)  
Fabrication method scan direction Jsc (mA/cm2) Voc (V) FF (%) η (%) 
n=3 post-annealing at 
45 °C 
forward 9.80±0.30 1.072±0.011 67.1±0.8 7.05±0.26 
reverse 9.80±0.29 1.049±0.012 68.1±1.6 7.01±0.21 
n=4 post-annealing at 
45 °C 
forward 12.90±0.40 1.056±0.055 66.2±1.7 9.03±0.78 
reverse 12.87±0.38 1.027±0.044 69.4±1.8 9.18±0.62 
n=4 hot-casting at 
150 °C 
forward 8.38±0.57 1.143±0.010 58.2±0.9 5.57±0.41 
reverse 8.01±0.64 1.155±0.008 71.3±3.6 6.58±0.37 
From Referencea (n=3) 
forward 11.45 1.12 35 4.54 
reverse 11.53 1.21 50 7.02 
From Referenceb  (n=3) N/A 11.90 1.05 60 7.59 
From Referenceb  (n=4) N/A 13.99 1.03 65 9.38 
From Referenceb  (n=5) N/A 15.01 1.11 67 11.01 
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a, Smith, I. C.; Hoke, E. T.; Solis-Ibarra, D.; McGehee, M. D.; Karunadasa, H. I. A Layered 
Hybrid Perovskite Solar-Cell Absorber with Enhanced Moisture Stability. Angew. Chemie Int. 
Ed. 2014, 53 (42), 11232–11235. 
b, Zhang, X.; Wu, G.; Fu, W.; Qin, M.; Yang, W.; Yan, J.; Zhang, Z.; Lu, X.; Chen, H. 
Orientation Regulation of Phenylethylammonium Cation Based 2D Perovskite Solar Cell with 
Efficiency Higher Than 11%. Adv. Energy Mater. 2018, 1702498, 1702498. 































Figure A2.20. J-V curves of 2D perovskite fabricated with 4-FPEAI, BTEAI (all n=4, solid line 
is forward scan; dashed line is reverse scan) with post-annealing method at 45°C for 30s.  
Table A2.10. Device performance of 2D perovskite solar cell with different cations (n=4) made 
by post-annealing at 45°C for 30s (ITO/PEDOT/perovskite/PCBM/ LiF/Al)  
2D perovskite scan direction Jsc (mA/cm2) Voc (V) FF (%) η (%) 
4-FPEA forward 13.94±0.44 0.991±0.012 64.5±2.0 8.92±0.57 
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reverse 14.24±0.50 0.986±0.011 66.3±1.6 9.31±0.52 
BTEA 
forward 11.32±0.19 1.109±0.006 64.4±2.5 7.43±0.34 








APPENDIX FOR CHAPTER 3  SYNTHETIC CONTROL OVER ORIENTATIONAL 
DEGENERACy OF SPACER CATIONS ENHANCES SOLAR CELL EFFICIENCY IN 
TWO-DIMENSIONAL ORGANIC-INORGANIC HYBRID PEROVSKITE 
 
 
Figure A3.1. Structures and 
1


































 PEA forward scan
 PEA reverse scan
a






























 oF1PEA forward scan
 oF1PEA reverse scan
b






























 mF1PEA forward scan
 mF1PEA reverse scan
c






























 pF1PEA forward scan
 pF1PEA reverse scan
d
 
Figure A3.2. Current-density-voltage (J-V) curves under an AM.1.5G solar simulator. J-V 





Figure A3.3. Different phase distributions in 2D perovskite films. (a) ordered phase distribution 
with a greater amount of smaller n phases at the ITO side and larger amount of large n and 3D 
phases near the Al side (i.e., the air side). (b) disordered phased distribution in the film, which 





Figure A3.4. GIWAXS patterns of 2D perovskite films with PEA and fluorinated PEAs under 
different incident angles:  (a, e) PEA, (b, f) oF1PEA, (c, g) mF1PEA  and  (d, h) pF1PEA films 
probing at two different X-ray incident angles; left column (a-d) shows patterns acquired at 
incident angle = 0.18°, probing a few namometers of the perovskite films from the front (air) 
 
150 
interface, and right column (e-h) shows patterns acquired at incident angle = 1°, probing more 
into the bulk of the films.  
 
Figure A3.5. Single crystals of 2D perovskite (n = 1) with different PEA cations. (a) PEA2PbI4, 
(b) oF1PEA2PbI4, (c) mF1PEA2PbI4, (d) pF1PEA2PbI4. 
 
Figure A3.6.  (a) The two isolated [PbI6] octahedra that comprise the average (right) inorganic 
unit in mF1PEA. (b) A single inorganic unit with the gauche-conformation ammonium group 








Figure A3.6. Cartoon showing thing the two possible orientations (blue and red, respectively) 
the oF1PEA cations can adopt in oF1PEA2PbI4. When the aromatic moiety is directed towards 
the puckered out I-Pb-I bond, two possible ammonium orientations exist. When the aromatics are 
directed towards the puckered in geometry, only one possible ammonium orientation exists. 
Table A3.1.  pF1PEA, mF1PEA, and oF1PEA Atomic Positions and Thermal Parameters
†
 






  Occ. (<1) 
pF1PEA2PbI4 
Pb1 0 0 0 0.02830 (8)    
I1 −0.00020 (2) −0.31108 (3) 0.19089 (3) 0.04120 (9) 
I2 0.19457 (2) −0.01738 (3) 0.06893 (4) 0.04012 (9)   
N1 0.1612 (2) −0.0746 (5) 0.4671 (4) 0.0457 (9)   
C1 0.1955 (3) 0.0378 (6) 0.5894 (6) 0.0525 (12)   
C2 0.2823 (4) −0.0041 (7) 0.6497 (7) 0.0606 (16)    
C3 0.3367 (3) −0.0010 (5) 0.5293 (6) 0.0459 (12)    
C4 0.3640 (3) −0.1378 (7) 0.4734 (6) 0.0540 (12)    
C5 0.4130 (3) −0.1381 (8) 0.3595 (8) 0.0662 (16)    
C6 0.4339 (3) 0.0027 (7) 0.3038 (7) 0.0606 (16)    
C7 0.4085 (3) 0.1414 (7) 0.3565 (7) 0.0600 (14)    
C8 0.3597 (3) 0.1380 (7) 0.4685 (6) 0.0543 (12)    
F1 0.4816 (3) 0.0039 (5) 0.1913 (6) 0.0989 (16) 
mF1PEA2PbI4 
Pb1 0 0.48960 (4) 0.250000 0.04751 (11)    
I1 −0.09615 (2) 0.49011 (6) 0.19080 (3) 0.04871 (11) 
I2 −0.00096 (2) 0.62674 (11) 0.00054 (5) 0.04087 (16) 0.5 
I3 −0.00056 (2) −0.00921 (9) 0.18551 (6) 0.04325 (17) 0.5 
N1A 0.0804 (3) 0.9870 (13) 0.1328 (8) 0.0498 (16) 0.509(7) 
C1A 0.0976 (6) 0.998 (3) 0.0331 (13) 0.052 (3) 0.509(7) 
N1B 0.0798 (3) 0.8205 (14) 0.0559 (8) 0.0498 (16) 0.491(7) 
C1B 0.0971 (7) 1.045 (3) 0.0734 (13) 0.052 (3) 0.491(7) 
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C2 0.1395 (2) 1.0595 (13) 0.0651 (6) 0.0729 (19) 
C3 0.16650 (17) 0.9093 (11) 0.1446 (6) 0.0567 (15) 
C4 0.1780 (2) 0.9566 (13) 0.2559 (7) 0.0731 (19) 
C5 0.2015 (2) 0.8122 (18) 0.3262 (7) 0.087 (3) 
C6 0.2152 (2) 0.6259 (17) 0.2910 (10) 0.100 (3) 
C7 0.2035 (2) 0.5773 (16) 0.1787 (9) 0.094 (3) 
C8 0.1800 (2) 0.7203 (13) 0.1068 (7) 0.079 (2) 
F1 0.21242 (17) 0.8648 (16) 0.4369 (5) 0.162 (3) 
oF1PEA2PbI4 
Pb1 ½ 1 ½ 0.04227 (10) 
Pb2 1 ½ ½ 0.04236 (10) 
I1 0.68475 (5) 0.68475 (5) 0.50011 (3) 0.05014 (13) 
I2 0.81215 (5) 1.18741 (5) 0.50065 (3) 0.05375 (13) 
I3 0.93898 (6) 0.44789 (6) 0.69281 (3) 0.05749 (13) 
I4 0.45316 (6) 0.96615 (6) 0.69279 (3) 0.05805 (13) 
N2 0.5433 (7) 0.3753 (7) 0.6649 (4) 0.0599 (15) 
F1A 1.110 (3) 0.696 (3) 0.882 (2) 0.100 (6) 0.506(8) 
F2A 0.589 (11) 0.192 (4) 0.866 (7) 0.150 (10) 0.506(8) 
 
N1A 1.0531 (15) 1.0502 (14) 0.6579 (7) 0.059 (3) 0.506(8) 
C1A 0.949 (3) 0.937 (3) 0.7079 (16) 0.076 (4)* 0.506(8) 
C2A 0.898 (4) 0.896 (4) 0.7917 (19) 0.120 (7)* 0.506(8) 
C3A 1.0029 (15) 0.9400 (15) 0.8454 (8) 0.071 (4)* 0.506(8) 
C4A 1.0951 (17) 0.8309 (13) 0.8840 (9) 0.086 (6)* 0.506(8) 
C5A 1.1901 (17) 0.8744 (18) 0.9375 (9) 0.106 (7)* 0.506(8) 
C6A 1.101 (2) 1.1360 (15) 0.9137 (11) 0.124 (9)* 0.506(8) 
C7A 1.193 (2) 1.027 (2) 0.9524 (10) 0.117 (9)* 0.506(8) 
C8A 1.0058 (17) 1.0925 (14) 0.8603 (9) 0.091 (6)* 0.506(8) 
C9A 0.409 (3) 0.461 (3) 0.7012 (16) 0.068 (3)* 0.506(8) 
C10A 0.371 (3) 0.410 (3) 0.7913 (13) 0.084 (5)* 0.506(8) 
C11A 0.4908 (15) 0.4488 (15) 0.8432 (8) 0.070 (4)* 0.506(8) 
C12A 0.5870 (17) 0.3394 (13) 0.8784 (10) 0.090 (6)* 0.506(8) 
C13A 0.6905 (17) 0.3828 (18) 0.9277 (9) 0.107 (7)* 0.506(8) 
C14A 0.6979 (19) 0.536 (2) 0.9418 (10) 0.115 (9)* 0.506(8) 
C15A 0.602 (2) 0.6449 (15) 0.9065 (11) 0.125 (10)* 0.506(8) 
C16A 0.4982 (17) 0.6015 (14) 0.8572 (9) 0.086 (6)* 0.506(8) 
F1B 1.102 (6) 0.709 (6) 0.853 (3) 0.21 (2) 0.494(8) 
F2B 0.613 (11) 0.247 (5) 0.857 (7) 0.150 (10) 0.494(8) 
N1B 0.8729 (17) 0.8722 (16) 0.6565 (9) 0.070 (4) 0.494(8) 
C1B 0.987 (3) 0.917 (3) 0.7032 (17) 0.076 (4)* 0.494(8) 
C2B 0.956 (4) 0.952 (4) 0.7927 (19) 0.120 (7)* 0.494(8) 
C3B 0.8850 (16) 0.8189 (15) 0.8464 (9) 0.077 (5)* 0.494(8) 
C4B 0.9715 (13) 0.7056 (18) 0.8859 (10) 0.081 (6)* 0.494(8) 
C5B 0.898 (2) 0.5846 (17) 0.9383 (10) 0.113 (8)* 0.494(8) 
C6B 0.738 (2) 0.577 (2) 0.9513 (12) 0.123 (10)* 0.494(8) 
C7B 0.6511 (14) 0.690 (2) 0.9118 (12) 0.133 (11)* 0.494(8) 
 
153 
C8B 0.7248 (15) 0.8113 (18) 0.8593 (10) 0.089 (6)* 0.494(8) 
C9B 0.439 (3) 0.491 (3) 0.6998 (16) 0.068 (3)* 0.494(8) 
C10B 0.448 (3) 0.484 (3) 0.7905 (12) 0.080 (5)* 0.494(8) 
C11B 0.3832 (14) 0.3419 (14) 0.8422 (8) 0.063 (4)* 0.494(8) 
C12B 0.4758 (13) 0.2294 (17) 0.8778 (10) 0.086 (6)* 0.494(8) 
C13B 0.409 (2) 0.1004 (16) 0.9266 (10) 0.109 (8)* 0.494(8) 
C14B 0.249 (2) 0.0840 (18) 0.9399 (11) 0.120 (9)* 0.494(8) 
C15B 0.1566 (13) 0.197 (2) 0.9043 (12) 0.149 (13)* 0.494(8) 
C16B 0.2235 (14) 0.3255 (17) 0.8555 (10) 0.087 (6)* 0.494(8) 
†
Data from the solved crystal structures (not idealized supercells). 
a
 Ueq is defined as one-third of 
the trace of the orthogonalized Uij tensor. 
Table A3.2. pF1PEA, mF1PEA, and oF1PEA Experimental Crystallographic Parameters†  
Compound pF1PEA2PbI4 mF1PEA2PbI4 oF1PEA2PbI4 
Formula C16H22F2I4N2Pb C16H22F2I4N2Pb  C16H22F2I4N2Pb  
Crystal System Monoclinic Monoclinic Triclinic 
Space Group P21/c C2/c P1̅ 
a (Å) 16.723(2) 34.6431(17) 8.7354(2) 
b (Å) 8.6332(12) 6.1150(3) 8.7379(2) 
c (Å) 8.8000(12) 12.2922(6) 16.9013(5) 
ɑ (°) 90 90 82.218(1) 
β (°) 98.781(4) 103.930(2) 82.914(1) 
ɣ (°) 90 90 89.596(1) 
V (Å
3
) 1255.6(3) 2527.4(2) 1268.36(6) 





) 0.08 × 0.04 × 0.002 0.12 × 0.09 × 0.03 0.08 × 0.07 × 
0.02 
θ range (º) 2.5 – 26.5 2.4 – 26.4 3.2 – 28.9 
μ (mm
-1
) 11.65 11.58 11.54 
Temperature (K) 300(2) 302(2) 300(2) 
Measured Reflections 20392 19782 25944 
Independent Reflections 2594 2613 7843 
Reflections with I > 2σ(I) 2330 1983 4989 
Rint 0.040 0.042 0.068 
R1 (F)
a 
0.021 0.027 0.043 
wR2
b
 0.058 0.070 0.114 
Parameters 115 130 184 
Goodness-of-fit on F
2
 1.05 1.05 0.96 
largest diff. peak and hole (e Å
–3
) 2.37 and -0.85 0.67 and -2.04 2.26 and -2.26 
†
Data from the solved crystal structures (not idealized supercells).  
a



















Figure A3.8. Cartoon showing the disorder of oF1PEA cations in oF1PEA2PbI4. In ordered 
structure, “+|+-|-+|+-|-” or “+|-+|-+|-” type structure is formed. However, we do not observe this 
and instead see the average structure as shown, indicating the packing is random. 
Table A3.3. Summary of energetics calculated using density functional theory* 










 -10813 -20778 1006 0 








 -10807 -20155 1617 611 
C6H5(CH2)2NH3
+
 -10965 -20873 1214 209 
* ∆Hf
0K
 ≈ EA2PbI4 – (2EAI + EPbI2). EPbI2 = -158.0 kJ/mol 
Table A3.4. bond angle and length of different 2D perovskites (n = 1) 
Perovskite Absorption peak (nm)* Pb-I-Pb bond angle (°) 
Pb-I-Pb bond length 
(Å) 
PEA2PbI4 517 152.98 3.1713 
oF1PEA2PbI
4 
506 151.09 3.1715 
mF1PEA2Pb
I4 
510 152.15 3.1945 
pF1PEA2PbI
4 
518 152.94 3.1693 




APPENDIX FOR CHAPTER 5  ARYL-PERFLUOROARYL INTERACTION IN 
TWO-DIMENSIONAL ORGANIC-INORGANIC HYBRID PEROVSKITES BOOSTS 
STABILITY AND PHOTOVOLTAIC EFFICIENCY 
 
Scheme A5.1. Syntheses of F5PEAI 
 
 
Figure A5.1 | 
1
H NMR (a) and 
19
F NMR (b) of F5PEAI (dimethyl sulfoxide-d6, 400 MHz) 
 
158 

































 25% F5PEA forward
 25% F5PEA reverse
 50% F5PEA forward
 50% F5PEA reverse
 75% F5PEA forward




Figure A5.2 | Current-density-voltage (J-V) curves under an AM.1.5G solar simulator. J-V 




Figure A5.3 | Surface morphology of 2D perovskite films. AFM images of 2D perovskite films 
with 0% (a), 25% (b), 50% (c), 75% (d), 100% (e) F5PEA. 
 
 
Figure A5.4. XRD of 2D perovskite films (n = 1) with different amount of PEA and F5PEA 
ratio. (a) XRD pattern in a large scale. (b) XRD pattern in a small scale show the (002) peaks 





Figure A5.5. UV-vis absorption of 2D perovskite films (n = 1) with different amount of PEA 




Figure A5.6. Single crystals of 2D perovskite (n = 1) with F5PEA and F5PEA mixed with other 
cations. (a) F5PEA2PbI4, (b) (PEA)(F5PEA)PbI4, (c) (NEA)(F5PEA)PbI4, (d) 
(BTEA)(F5PEA)PbI4. 
 
Table A5.1. (PEA)(F5PEA)PbI4 Experimental Crystallographic Parameters 
Compound (PEA)(F5PEA)PbI4  
Formula C32H38F10I8N4Pb2 
Crystal System Triclinic  
Space Group P1̅  
a (Å) 12.2981(7)  
b (Å) 12.3163(8)  
c (Å) 17.2102(11)  
ɑ (°) 83.575(2)  
β (°) 79.708(2)  





) 2548.2(3)  
Z 2  
Crystal dimensions (mm
3
) 0.1 x 0.047 x 0.06 
θ range (º) 2.4 – 26.5  
μ (mm
-1
) 11.51  
Temperature (K) 302(2)  
Measured Reflections 67086  
Independent Reflections 10581  
Reflections with I > 2σ(I) 7003  






 0.202  
Parameters 329  
Goodness-of-fit on F
2
 1.17  
largest diff. peak and hole (e Å
–3
) 5.12 and -1.43  
a

















Table A5.2. (PEA)(F5PEA)PbI4 Atomic Positions and Thermal Parameters  






 Occ. (<1) 
Pb1 0.24914 (5) 0.25030 (6) 0.49248 (4) 0.02891 (17)  
Pb2 0.74545 (5) 0.24978 (6) 0.50733 (4) 0.02921 (17)  
I1 0.99856 (9) 0.31587 (11) 0.50083 (8) 0.0421 (3)  
I2 0.81695 (10) 0.00209 (9) 0.49657 (8) 0.0413 (3)  
I3 0.80261 (11) -0.21502 (10) 0.31034 (7) 0.0436 (3)  
I4 0.31511 (10) 0.49800 (9) 0.50336 (8) 0.0361 (3) 0.950 (2) 
I4A 0.8170 (18) 0.4948 (17) 0.5016 (15) 0.0361 (3) 0.050 (2) 
I5 0.70588 (11) 0.21689 (12) 0.69166 (8) 0.0493 (4)  
I6 1.20801 (11) 0.71516 (10) 0.68954 (7) 0.0435 (3)  
I7 0.30168 (11) 0.28317 (12) 0.30834 (8) 0.0491 (4)  
I8 0.49902 (9) 0.18428 (11) 0.49924 (8) 0.0398 (3) 0.941 (3) 
I8A 0.4912 (14) 0.3198 (17) 0.5011 (13) 0.0398 (3) 0.059 (3) 
N1 1.0536 (13) 0.4772 (14) 0.6606 (10) 0.051 (4)*  
H2C 1.072853 0.513889 0.612461 0.076*  
H2D 1.094680 0.500782 0.693206 0.076*  
H2E 1.064351 0.406250 0.657587 0.076*  
C1 0.933 (5) 0.496 (5) 0.692 (4) 0.070 (10)* 0.5 
H1D 0.884984 0.468840 0.658934 0.085* 0.5 
H1E 0.918075 0.571978 0.697796 0.085* 0.5 
 
163 
C2 0.920 (4) 0.414 (4) 0.786 (3) 0.043 (11)* 0.5 
H2A 0.842820 0.396813 0.808743 0.051* 0.5 
H2B 0.960494 0.347332 0.781855 0.051* 0.5 
C3 0.969 (3) 0.488 (3) 0.834 (2) 0.049 (12)* 0.5 
C4 0.929 (3) 0.589 (3) 0.855 (3) 0.060 (14)* 0.5 
C5 0.982 (4) 0.647 (3) 0.902 (3) 0.09 (2)* 0.5 
C6 1.076 (3) 0.605 (3) 0.928 (2) 0.047 (11)* 0.5 
C7 1.116 (3) 0.505 (3) 0.907 (3) 0.13 (3)* 0.5 
C8 1.062 (4) 0.446 (3) 0.860 (3) 0.067 (17)* 0.5 
F1 0.859 (3) 0.639 (3) 0.8358 (19) 0.082 (9)* 0.5 
F2 0.963 (3) 0.747 (3) 0.933 (2) 0.090 (9)* 0.5 
F3 1.149 (3) 0.667 (3) 0.985 (2) 0.085 (9)* 0.5 
F4 1.216 (3) 0.456 (3) 0.944 (2) 0.097 (10)* 0.5 
F5 1.113 (3) 0.360 (3) 0.850 (2) 0.087 (9)* 0.5 
C01 0.941 (5) 0.462 (5) 0.709 (4) 0.070 (10)* 0.5 
H01A 0.899923 0.523782 0.689822 0.085* 0.5 
H01B 0.910431 0.398401 0.691622 0.085* 0.5 
C02 0.908 (5) 0.451 (6) 0.789 (4) 0.072 (19)* 0.5 
H02A 0.887142 0.374500 0.806045 0.087* 0.5 
H02B 0.841252 0.492706 0.801148 0.087* 0.5 
C03 0.993 (3) 0.486 (2) 0.845 (2) 0.048 (12)* 0.5 
C04 0.959 (3) 0.589 (3) 0.864 (2) 0.040 (10)* 0.5 
H04 0.897804 0.619751 0.845039 0.048* 0.5 
C05 1.015 (3) 0.645 (2) 0.910 (2) 0.052 (12)* 0.5 
H05 0.991835 0.714162 0.922794 0.062* 0.5 
C06 1.106 (3) 0.599 (2) 0.938 (2) 0.049 (12)* 0.5 
H06 1.143808 0.637107 0.968873 0.059* 0.5 
C07 1.141 (2) 0.497 (2) 0.919 (2) 0.049 (11)* 0.5 
H07 1.201753 0.465642 0.937197 0.058* 0.5 
C08 1.084 (3) 0.440 (2) 0.872 (2) 0.039 (10)* 0.5 
H08 1.107725 0.371230 0.859441 0.047* 0.5 
N2 0.4663 (16) 0.5555 (15) 0.6623 (11) 0.062 (5)*  
H1A 0.503494 0.551739 0.613305 0.093*  
H1B 0.398927 0.580351 0.659753 0.093*  
 
164 
H1C 0.501875 0.600658 0.686525 0.093*  
C9 0.458 (6) 0.451 (6) 0.705 (4) 0.081 (12)* 0.5 
H9A 0.531873 0.423931 0.706138 0.098* 0.5 
H9B 0.421023 0.402066 0.677312 0.098* 0.5 
C10 0.395 (5) 0.446 (5) 0.792 (3) 0.056 (8)* 0.5 
H10A 0.326879 0.486426 0.794323 0.067* 0.5 
H10B 0.376542 0.370631 0.814147 0.067* 0.5 
C11 0.464 (3) 0.491 (3) 0.832 (2) 0.044 (10)* 0.5 
C12 0.427 (3) 0.591 (3) 0.856 (3) 0.054 (13)* 0.5 
C13 0.483 (4) 0.644 (3) 0.905 (3) 0.09 (2)* 0.5 
C14 0.575 (3) 0.598 (3) 0.930 (2) 0.047 (11)* 0.5 
C15 0.612 (3) 0.498 (3) 0.906 (3) 0.10 (2)* 0.5 
C16 0.557 (3) 0.445 (3) 0.857 (3) 0.061 (14)* 0.5 
F6 0.357 (3) 0.647 (3) 0.8355 (19) 0.083 (9)* 0.5 
F7 0.462 (3) 0.751 (3) 0.933 (2) 0.087 (9)* 0.5 
F8 0.645 (3) 0.669 (3) 0.984 (2) 0.085 (9)* 0.5 
F9 0.714 (3) 0.457 (3) 0.943 (2) 0.086 (9)* 0.5 
F10 0.605 (3) 0.361 (3) 0.850 (2) 0.088 (9)* 0.5 
C09 0.497 (5) 0.438 (6) 0.692 (4) 0.081 (12)* 0.5 
H09A 0.574266 0.432469 0.695412 0.098* 0.5 
H09B 0.478419 0.385228 0.657655 0.098* 0.5 
C010 0.416 (4) 0.421 (5) 0.781 (3) 0.056 (8)* 0.5 
H01C 0.404061 0.343640 0.799858 0.067* 0.5 
H01D 0.344600 0.453835 0.779170 0.067* 0.5 
C011 0.490 (3) 0.489 (3) 0.846 (2) 0.057 (13)* 0.5 
C012 0.456 (3) 0.592 (3) 0.864 (2) 0.042 (10)* 0.5 
H012 0.393761 0.621722 0.846927 0.050* 0.5 
C013 0.514 (3) 0.650 (2) 0.909 (2) 0.060 (14)* 0.5 
H013 0.491190 0.718992 0.920956 0.072* 0.5 
C014 0.607 (3) 0.605 (3) 0.935 (2) 0.049 (12)* 0.5 
H014 0.645771 0.644055 0.964564 0.059* 0.5 
C015 0.641 (3) 0.502 (3) 0.917 (2) 0.065 (14)* 0.5 
H015 0.702923 0.471847 0.934143 0.078* 0.5 
C016 0.583 (3) 0.444 (2) 0.872 (2) 0.054 (12)* 0.5 
 
165 
H016 0.605495 0.374576 0.860114 0.065* 0.5 
N3 0.9537 (15) 0.0560 (15) 0.6609 (11) 0.057 (4)*  
H3A 0.945867 0.058532 0.610354 0.085*  
H3B 0.907983 0.102849 0.685093 0.085*  
H3C 1.023075 0.073811 0.663228 0.085*  
C17 0.928 (3) -0.054 (3) 0.7004 (19) 0.095 (9)*  
H17A 0.976808 -0.104845 0.673157 0.114*  
H17B 0.852634 -0.073516 0.696747 0.114*  
C18 0.939 (5) -0.064 (7) 0.787 (4) 0.058 (9)* 0.5 
H18A 1.005424 -0.024535 0.791694 0.069* 0.5 
H18B 0.948904 -0.140722 0.804787 0.069* 0.5 
C19 0.840 (4) -0.021 (4) 0.841 (3) 0.069 (11)* 0.5 
C20 0.730 (4) -0.051 (3) 0.870 (3) 0.069 (11)* 0.5 
C21 0.663 (2) 0.018 (4) 0.916 (3) 0.069 (11)* 0.5 
C22 0.705 (4) 0.115 (4) 0.933 (3) 0.069 (11)* 0.5 
C23 0.815 (4) 0.145 (3) 0.904 (3) 0.069 (11)* 0.5 
C24 0.883 (2) 0.076 (4) 0.858 (3) 0.069 (11)* 0.5 
F11 0.710 (3) -0.137 (3) 0.851 (2) 0.092 (10)* 0.5 
F12 0.566 (3) -0.042 (3) 0.9431 (19) 0.081 (9)* 0.5 
F13 0.612 (3) 0.166 (3) 0.9840 (19) 0.084 (9)* 0.5 
F14 0.816 (3) 0.251 (3) 0.9331 (19) 0.085 (9)* 0.5 
F15 0.973 (3) 0.139 (3) 0.837 (2) 0.088 (9)* 0.5 
C018 0.964 (5) -0.057 (6) 0.786 (4) 0.058 (9)* 0.5 
H01E 1.032513 -0.015686 0.782448 0.069* 0.5 
H01F 0.973806 -0.131522 0.808506 0.069* 0.5 
C019 0.860 (2) 0.000 (3) 0.838 (2) 0.049 (8)* 0.5 
C020 0.761 (3) -0.059 (2) 0.861 (2) 0.049 (8)* 0.5 
H020 0.755150 -0.128476 0.845402 0.059* 0.5 
C021 0.672 (2) -0.015 (3) 0.908 (2) 0.049 (8)* 0.5 
H021 0.605723 -0.054422 0.922886 0.059* 0.5 
C022 0.681 (2) 0.089 (3) 0.931 (2) 0.049 (8)* 0.5 
H022 0.621524 0.118224 0.962081 0.059* 0.5 
C023 0.780 (3) 0.148 (2) 0.908 (2) 0.049 (8)* 0.5 
H023 0.786755 0.216816 0.923792 0.059* 0.5 
 
166 
C024 0.870 (2) 0.103 (3) 0.862 (2) 0.049 (8)* 0.5 
H024 0.936185 0.142764 0.846307 0.059* 0.5 
N4 1.3672 (14) -0.0235 (15) 0.6613 (10) 0.055 (4)*  
H4A 1.376823 0.008032 0.611416 0.083*  
H4B 1.348788 -0.093687 0.662731 0.083*  
H4C 1.313602 0.009746 0.691127 0.083*  
C25 1.474 (6) -0.014 (6) 0.693 (4) 0.074 (11)* 0.5 
H25A 1.495817 0.061050 0.694171 0.089* 0.5 
H25B 1.534187 -0.051746 0.663205 0.089* 0.5 
C26 1.433 (5) -0.079 (5) 0.786 (3) 0.055 (9)* 0.5 
H26A 1.394753 -0.146929 0.783707 0.066* 0.5 
H26B 1.497767 -0.096859 0.810412 0.066* 0.5 
C27 1.355 (2) -0.004 (3) 0.839 (2) 0.050 (8)* 0.5 
C28 1.255 (3) -0.061 (2) 0.863 (2) 0.050 (8)* 0.5 
C29 1.167 (2) -0.015 (3) 0.910 (2) 0.050 (8)* 0.5 
C30 1.180 (3) 0.088 (3) 0.933 (2) 0.050 (8)* 0.5 
C31 1.279 (3) 0.146 (2) 0.909 (2) 0.050 (8)* 0.5 
C32 1.367 (2) 0.100 (3) 0.862 (2) 0.050 (8)* 0.5 
F16 1.207 (3) -0.134 (3) 0.8491 (19) 0.080 (8)* 0.5 
F17 1.063 (3) -0.039 (3) 0.942 (2) 0.089 (9)* 0.5 
F18 1.108 (3) 0.163 (3) 0.986 (2) 0.091 (10)* 0.5 
F19 1.315 (3) 0.249 (3) 0.935 (2) 0.091 (10)* 0.5 
F20 1.471 (3) 0.135 (3) 0.838 (2) 0.089 (9)* 0.5 
C025 1.451 (6) -0.037 (6) 0.709 (4) 0.074 (11)* 0.5 
H02C 1.493703 -0.096921 0.687838 0.089* 0.5 
H02D 1.498297 0.027669 0.690349 0.089* 0.5 
C026 1.453 (5) -0.052 (5) 0.784 (3) 0.055 (9)* 0.5 
H02E 1.513346 -0.008469 0.794750 0.066* 0.5 
H02F 1.469417 -0.128337 0.797955 0.066* 0.5 
C027 1.340 (3) -0.023 (3) 0.842 (3) 0.061 (9)* 0.5 
C028 1.229 (3) -0.050 (3) 0.871 (3) 0.061 (9)* 0.5 
H028 1.200265 -0.115667 0.860502 0.073* 0.5 
C029 1.163 (2) 0.020 (4) 0.916 (2) 0.061 (9)* 0.5 
H029 1.088517 0.001339 0.934778 0.073* 0.5 
 
167 
C030 1.206 (3) 0.117 (3) 0.931 (2) 0.061 (9)* 0.5 
H030 1.161362 0.164259 0.961043 0.073* 0.5 
C031 1.317 (4) 0.145 (2) 0.903 (2) 0.061 (9)* 0.5 
H031 1.345955 0.210174 0.913030 0.073* 0.5 
C032 1.384 (2) 0.075 (3) 0.858 (3) 0.061 (9)* 0.5 
H032 1.457706 0.093169 0.838754 0.073* 0.5 
      
 
    
1
H NMR of redossived (PEA)(F5PEA)PbI4 show a 1:1 ratio of PEA and F5PEA (Figure 
A5.6) which supports the chemical ratio in our crystals. 
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